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ABSTRACT 
Investigating the Strategies to Improve the Quality of Low-Fat  
Mozzarella and Cheddar Cheeses  
by 
Ranjeeta Wadhwani, Doctor of Philosophy 
Utah State University, 2011 
Major Professor: Dr. Donald J. McMahon 
Department: Nutrition, Dietetics, and Food Sciences 
Low-fat cheese faces great challenges associated with its texture being hard and 
rubbery, desirable flavors being missing, color being undesirably intense and translucent 
appearing, and melting being improper. In an effort of improving the quality of low-fat 
cheeses, several strategies have been tried to accomplish three major objectives, 1) 
improving the melting and baking properties of low-fat Mozzarella cheese, 2) improving 
the color of low-fat Cheddar cheese, and 3) investigating the feasibilities of enriching 
low-fat Cheddar cheese with dietary fibers.  
For objective 1, 4 batches of low-fat Mozzarella cheese with target fat of 6.0%, 
4.5%, 3.0%, and 1.5% were made using a stirred curd method, comminuted in a bowl 
chopper and mixed with different levels of melted butter (0.0, 1.5, 3.0, and 4.5% (wt/wt), 
respectively) before pressing. This would made the cheese that had increased free oil, 
increased melting, and improved baking as the level of added butter increased. The added 
butterfat was present as free fat along the curd particle junctions as shown by laser 
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scanning confocal microscopy while the fat droplets originating from the milk were 
distributed within the protein matrix of the cheese. In objective 2, consumer tests and 
flavor profile analysis were performed on 4 commercial brands of full-fat Cheddar cheese 
and 9 low-fat Cheddar cheeses manufactured at Utah State University with different 
colors.  Low-fat cheeses were rated different (P < 0.05) for their liking by a consumer 
panel even though they were all made the same way except for addition of color. The 
only difference in flavor detected by a trained panel was for a slight variation in 
bitterness. Using a combination of annatto and titanium dioxide produced a cheese that 
was rated the highest. Annatto when added singly produced a low-fat cheese that was 
rated the lowest. Moreover, commercial cheeses were also ranked significantly different 
for liking and buying preference.  
For objective 3, several trials were conducted to enrich low-fat cheese with inulin, 
pectin, polydextrose, or resistant-starch either by incorporating them into cheesemilk, 
mixing with 15-d aged cheese followed by repressing, or by formulating a W/O/W 
emulsion with inulin and incorporating the emulsion into the milk prior to cheesemaking. 
Adding fibers directly to milk resulted in less or no retention of fibers in cheese, whereas 
fibers added to comminuted cheeses were too crumbly. Adding fiber as a W/O/W 
emulsion improved fiber retention in the cheese and produced an improved texture of 
low-fat cheese. 
(197 pages)    
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PUBLIC ABSTRACT 
Ranjeeta Wadhwani in supervision of Dr. D. J. McMahon, has worked on 
investigating the various strategies to improve three qualities of low-fat cheeses. These 
three qualities were meltability, color, or feasibilities to incorporate dietary fiber into the 
low-fat cheese with its simultaneous effect on texture. There has been an ongoing 
research on improving the quality of low-fat cheese. In our study, low-fat Mozzarella 
cheese curds of 4 different fat content (1.5, 3.0, 4.5, and 6.0%) were comminuted and 
externally added with melted butter in the amount to get 6% fat in final cheese for low-fat 
claim. Addition of melted butter helped in prompt release of fat from cheese while baked 
on pizza thereby improving the melting profile. For color optimization, nine different 
cheeses were manufactured using three levels of annatto and titanium dioxide. These 
cheeses were evaluated by descriptive panel for their flavor profile and by consumer 
participants for overall liking, color, and flavor. Interestingly, all these nine cheeses were 
rated significantly differently for their liking even though they had similar flavor profile. 
Cheeses added with titanium dioxide scored higher than annatto when added alone, 
proving our hypothesis that color of low-fat cheese influences its liking by the 
consumers. Four dietary fibers (inulin, pectin, polydextrose, and resistant starch) were 
tested for incorporating in low-fat Cheddar cheese using different methods. When added 
in milk, these fibers had poor retention in cheese, when added to comminuted cheese they 
adversely affected the cheese texture, finally when added as double emulsion in milk, 
inulin had maximum retention with positive effect on cheese texture.      
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CHAPTER 1 
INTRODUCTION 
Food choices are driven by 3 needs: convenience, taste, and health (Blaylock et 
al., 1999). With health being considered #1 marketing driver of the food industry 
worldwide especially the United States where 64% of the adults are either overweight or 
obese (Miller et al., 1999; Bessett and Perl, 2004). Consumers have certain health needs, 
whether that is less fat, fewer calories, less cholesterol or less sugar. Even though 
consumers are repeatedly told they should reduce their dietary fat consumption, they are 
not willing to sacrifice taste or functionality in the foods they eat (Verbeke, 2006). 
Cheese consumption has increased during last 40 years and is eaten in pizzas, 
cheeseburgers, salads and cheese snacks. Cheese is also consumed in home and away-
from home. According to the U.S. Department of Agriculture, the average American eats 
13.6 kg (30 lb) of cheese a year compared to only 4.9 kg (11 lb) in 1970.  
Strategies for changing the nutritional profile of cheese include reducing fat 
(reduced fat or low-fat cheese), replacing fat with fat mimetics or replacers, and enriching 
cheese with nutrients (McMahon et al., 1996; Mistry, 2001; Ryhanen et al., 2001). Some 
specific problems with low-fat cheeses are discussed and focused in this compilation, 
such as meltability of low-fat Mozzarella, color, texture and dietary fiber enrichment 
aspects of low-fat Cheddar cheese. 
Reducing and replacing fat in cheese is not an easy job. Fat is an important 
component in cheese as it contributes to desirable flavor and texture. However, there is a 
desire to produce reduced fat or low-fat cheese as a way to lower overall caloric intake. A 
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common problem in low-fat cheeses is that the texture becomes rubbery with minimal 
breakdown during chewing. This implies that a basic understanding of what regulates the 
rheological and fracture properties of cheese microstructure may shed some light on how 
texture can be improved.  
Another aspect of improving cheese is adding micronutrients or healthy additives 
to it. However, water soluble additives tend to be washed away with whey, such as 
soluble fiber, altering the composition of whey and resulting in less or no retention of that 
additive in cheese. For Mozzarella cheese, fat not only plays vital role in texture 
maintenance but also provides proper melting during baking of a pizza. In milk, fat exists 
in emulsified form and so it is speculated that the same form of fat is present in cheese or 
as pools of fat filling the voids in the cheese protein matrix (Everett and Olson, 2003). 
Upon heating the cheese, the amount of fat present influences the melting properties of 
cheese. When cheese is heated the fat in the cheese becomes liquefied and a portion of 
the fat can escape from the cheese body and appear as an oil film.  Such fat is referred to 
as “free oil” and tends to increase with the fat content of the cheese and as cheese is held 
for longer time in storage (Kindstedt and Rippe, 1990).  Too much free oil can be 
detrimental to the appearance of a food product containing the cheese and too little fat 
cause quick dehydration resulting in improper melting of cheese (Tunick et al., 1993; 
McMahon et al., 1996). Having an optimum amount of fat available as free oil during 
baking could solve the melting problems with low-fat cheese. This could be achieved if 
all or most of the fat present in low-fat Mozzarella cheese was made available as free oil 
during baking.   
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Before other flavor and textural properties of cheese can be noticed, the first 
parameter that distinguishes cheeses is color. Not only this, color can affect flavor 
perception of foods making them favorable or unfavorable by consumers (Christensen, 
1983). For example, fat content in milk influences its color and the cheeses prepared from 
the same milk (Fox et al., 2000). Hence low-fat cheeses not only lack desired opacity but 
have unappealing translucent appearance (Sipahioglu et al., 1999). Cheeses come in 
variety of colors from white to orange but the influence of color on consumers liking of 
cheese has not been studied and documented. If color of low-fat cheese is altered, it may 
result in enhancement of their overall acceptability.   
With increasing demand of healthier food products, the onset of lower fat and low 
calorie alternatives of dairy products is not anymore unfamiliar. As partly discussed 
before, fat has an important role in the development of flavor, texture and appearance of 
cheese (Sipahioglu et al., 1999). Removal of fat from cheese causes textural, functional 
and sensory defects such as rubbery texture, lack of flavor, poor meltability and 
undesirable color (Fife et al., 1996; McMahon et al., 1996; Sipahioglu et al., 
1999; Mistry, 2001). Numerous strategies have been proposed in order to improve texture 
of low-fat cheeses (Drake and Swanson, 1995) such as making process modifications; 
starter culture selection and use of adjunct cultures; and use of fat replacers.  
With cheese, the successful manufacture of low-fat cheese requires strict attention 
to many factors that impact flavor, texture and body characteristics (Johnson, 2003). On 
the other hand, the average American consumes 14 g of dietary fiber a day, which is 
considerably less than the recommended level. The current recommendations, according 
4 
 
 
to the 2010 Dietary Guidelines for Americans, are 14 g of fiber per 1000 calories 
consumed. So, if you consume a 2500 calorie diet, you should eat approximately 35 g of 
fiber per day. Dietary fiber is well discussed and documented regarding its beneficial 
aspects for each inflammatory condition, dietary sources, recommended intake levels, 
and enrichment of those foods with fiber, which are poor source of fiber. Enriching low-
fat cheeses with dietary fiber could help 2 challenges of improved nutrition for 
Americans while also potentially improving cheese texture.  
Fiber faces the major problem of retention in cheese if added in milk prior to 
cheesemaking. Therefore, the level of soluble fiber added to the cheese milk is crucial to 
decide without trials since fiber would be associated with whey and its recovery in cheese 
curd would be less than desired or no recovery at all. This in turn, changes the whey 
composition and makes it less likely for further processing.  
Very little information is available on adding soluble fiber in low-fat cheese but 
this area seems to have potential. There is always higher consumer demand for healthy 
and nutritional food products. Researchers believe that adding soluble fiber such as low 
methoxy pectin, inulin, or guar gum could boost up cheese making process if added to 
skimmed milk, increasing cost efficiency. The incorporation of soluble dietary fiber into 
cheese may result in the development of both a nutritionally and technologically superior 
product (Fagan et al., 2006). Some research is required to evaluate the efficiency of fiber 
retention in low-fat cheese. Using fiber in low-fat cheese is assumed to perform the 
function of fat replacer. Hence, adding fiber to low-fat cheese seems useful as well as 
interesting area to study. Low-fat cheeses enriched with dietary fibers may have high 
5 
 
 
nutrition profile and health benefits but question remains unanswered about their sensory 
quality and consumer expectations.  Fiber enrichment has been very common for bread 
and other cereal based foods (Wang et al., 2002) and these products have been very well 
accepted by consumers for their color, texture, and aroma. Bread and pastas enriched 
with fibers have been reported to absorb more water during their formulation and need 
more kneading time (Knuckles et al., 1992). Presently, incorporation of dietary fiber 
especially inulin and low methoxy pectin to dairy products, is limited to yogurt and ice 
cream. Hence, cheeses with dietary fiber are a surprise element for general populace.  
Food companies have usually struggled to increase fiber levels to remarkable 
levels, as available fiber-enriching ingredients are quite limited and not very appetizing. 
Fortification of dairy foods, products inherently creamy and smooth, is on the whole very 
challenging. In fact, until a few years ago, it was unheard of to add fiber to dairy foods. 
However, today, a number of suppliers offer fiber ingredients that can be added 
undetectably to dairy foods. Such fiber ingredients are odorless, flavorless and inert.   
Hypothesis and objectives 
Limited amount of fat particles in low-fat cheese negatively impacts cheese 
melting, color, and texture. Therefore, the hypothesis for this research is that the 
modification in the low-fat cheese matrix either by providing fat in more available form, 
adding cheese colorants (annatto and titanium dioxide) in combination, or enrichment 
with dietary fibers will improve low-fat cheese meltability, color, and texture.   
To test the above mentioned hypothesis, our objectives for the project were:  
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1. To produce a Mozzarella cheese curd with less than 6% fat, and then addition of 
melted butter to comminuted cheese curd prior to pressing and examine its 
melting performance and extent of free oil release.  
2. To evaluate sensory perception and consumer acceptability of low-fat Cheddar 
cheeses prepared with 9 different combinations of annatto and titanium dioxide.  
3. To optimize the post-processing of low-fat cheese by comminuting cheese and 
subsequent addition of dietary fibers with or without addition of water and then 
repressing to form a cheese block.  
4. To incorporate inulin in a W/O/W emulsion that can be added to milk that is used 
for making low-fat cheese with added dietary fiber and test for improvement in 
textural properties of the cheese. 
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CHAPTER 2 
LITERATURE REVIEW 
Low-fat Cheese: General Explanation,  
Present Status, and Problems 
 According to the US standards for low-fat foods (21CFR101.62), low-fat cheese 
is restricted to fat content equal or less than 3 g per 50-g serving, i.e., 6% fat content. In 
general, full-fat Cheddar cheese contains about 33% fat and lowering to 6% fat is 82% 
reduction in fat. Milk fat is a major contributor to desirable flavor, textural, and color 
attributes for cheese (Mann, 2000). As a result, eliminating such a large portion of fat 
(~80%) from the cheese causes dramatic changes in its sensory characteristics.  
  The dietary guidelines and desire for consumption of low-fat products have 
affected inclinations in the market place (Solheim and Lawless, 1996). With an 
increasing trend for health and wellness-related food products and the nutritionists‟ and 
medical professionals‟ constant pressure to reduce the consumption of animal fat, there is 
a segment of consumers nowadays who wants to buy low-fat cheeses but expect no 
compromise in quality. Dairy processors and researchers have been engaged in 
developing low-fat cheese for 30 years (Mistry, 2001) and investigations are still taking 
place to match the quality of low-fat cheeses with their full-fat counterparts.  
  The problems with low-fat cheese texture, flavor, and color are thus not new. As 
the fat content of cheese is lowered, moisture content increases and protein acts as a 
dominating component in texture development. To counter this, the moisture-in-nonfat-
substance (MNFS) content of cheese is generally targeted to be equal to that in full-fat 
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cheese (Mistry and Anderson, 1993). However, this lowers the content of salt-in-moisture 
phase of cheese. This change in the microenvironment for bacteria in low-fat cheese that 
is chiefly responsible for the shifts in the sensory characteristics of the cheese.  
Low-fat Cheese Texture Improvement 
 It has been challenging to produce a good quality low-fat cheese (Mistry, 2001). 
Low-fat cheese lacks characteristic texture due to the absence of fat. The response of the 
cheese to external forces can reveal structural features directly related to texture (Kalab et 
al., 1995; Bhaskaracharya et al., 1998). Any changes in the composition will result in 
different structural arrangements and different textural characteristics (Bryant et al., 
1995; Lobato-Calleros et al., 2002). In general terms, low- and reduced fat cheese exhibit 
poor texture (Drake et al., 1996), due to significant changes occurring in the protein 
structural mesh (Gunasekaran and Ding, 1999).  
The textural characteristics of the cheese are determined by the combined 
structural properties of the protein matrix and the fat droplets immersed in the former 
(Lobato-Calleros et al., 2007). As fat content is reduced, more non-interrupted protein 
zones compose the cheese structure. In consequence, a high degree of cross-linking of 
protein molecules occurs resulting in three-dimensional networks exhibiting high 
resistance to deformation (Lobato-Calleros et al., 2006). Beal and Mittal (2000) reported 
that hardness, gumminess, and chewiness increased linearly, and cohesiveness and 
springiness decreased nonlinearly with fat content decrease in Cheddar cheese.  
Several studies have attempted to improve both textural and flavor attributes of 
low-fat cheeses to resemble more closely those of full-fat cheese (Muir et al., 1992; 
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Drake et al., 1996). Increasing moisture content to a level beyond that of full fat cheese 
(so as to maintain MNFS levels) is thought to be useful to correct the textural defects 
associated with fat reduction (Mistry, 2001). Several technological modifications have 
been proposed in previous studies to improve low-fat Cheddar cheese characteristics. 
These modifications include reducing cooking time and temperature (Banks et al., 1989), 
employing a high pH range (between 5.6 and 5.8) at milling (Kosikowski and Mistry, 
1997), and washing cheese curd with cold water (22°C) to help retain moisture, remove 
excess lactose, and solubilize calcium, which helps soften cheese texture (Chen and 
Johnson, 1996). The use of thickening agents such as carbohydrate-based fat mimetics 
(Stellar or Novogel) has been reported to improve the textural attributes of reduced fat 
Cheddar cheese (Drake et al., 1996; Fenelon and Guinee, 1997). However, these agents 
can interfere with the authentic cheese flavor and may adversely affect cheese aroma and 
flavors by developing undesirable off-flavor such as sour and oxidative flavors (Drake et 
al., 1996).  
McMahon and others (1996) investigated the use of fat replacers of protein-based 
(Simplesse and Dairy-Lo) and carbohydrate-based chemical compounds (Stellar and 
Novagel) on the functionality of low-fat Mozzarella cheese. They found that Simplesse 
embedded within the casein matrix as microparticulates, which might allow greater 
moisture retention than does Dairy-Lo (which was present as smaller particles). 
Moreover, Novagel particles being large were able to prevent fusion of the casein fibers 
during stretching of the cheese, allowing greater retention of serum not only because of 
the water-holding abilities of individual Novagel particles, but also because the creation 
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of new serum channels would allow retention of serum adjacent to the fat replacer 
particles. A strong correlation was observed between moisture content and meltability of 
low-fat Mozzarella (McMahon et al., 1996). These researchers also observed that cheese 
containing Stellar had the most melt, suggesting that the starch component of Stellar 
provided lubrication, allowing protein strands to flow more easily. Dairy-Lo cheese also 
reduced melt; perhaps the bonding of β-lactoglobulin to caseins also impeded flow of the 
protein strands.  
Low-fat Mozzarella: Improvement in Meltability 
 Mozzarella cheese (especially low moisture part skim Mozzarella cheese (LMPS) 
accounts for 33% of total cheese production in the United States (USDA, 2006). Tunick 
and others (1993) reported that low moisture, partly skimmed Mozzarella cheese contain 
30% fat dry matter (FDM) which contain minimum specified levels and is described in 
US Federal Standards of Identity for Mozzarella Cheese (FDA, 2004). However looking 
into the problems associated, the fat level needs to be reduced further in order to provide 
low-fat variety of Mozzarella cheese. Reduction in the fat level tends to cause serious 
problems with regard to the special and the desirable attributes of Mozzarella cheese such 
as its stretchability, elasticity, and melting profile. The function of fat has been 
investigated in Mozzarella cheese (McMahon et al., 1993). It was documented that fat 
played a very important role in retaining moisture in Mozzarella cheese and providing 
lubricity during heating.   
Efforts were made to test the effects of various additives and fat substitute such as 
exopolysaccharide producing cultures (EPS) consisting of Streptococcus thermophilus 
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and Lactobacillus delbrueckii ssp. Bulgaricus (Perry et al., 1997), protein-based fat 
replacers (Simplesse® D100 and Dairy-Lo®) and carbohydrate-based fat replacers 
(Stellar
TM
 100X and Novagel
TM
 RCN-15) (McMahon et al., 1996). Using preacidification 
for reduced fat Mozzarella cheese making was first reported by Merrill and group (1994). 
The modifications in manufacturing procedures included milk preacidification (pH 6.0) 
with lactic acid. This improved the functionality (melting and stretching characteristics) 
of reduced fat Mozzarella cheese (Merrill et al., 1994). Later, Metzger and others (2000a, 
2000b, 2001a, 2001b) also conducted a series of experiments using preacidification 
method for low-fat Mozzarella cheese and observed its effects on composition, yield, 
chemical and functional properties, post melt-chewiness and whiteness, respectively. 
Metzer and group (2000a,b; 2001a,b) concluded that low-fat Mozzarella cheese baking 
properties were improved with pre-acidification with short-time refrigerated storage.  
Rudan and Barbano (1998) suggested that the melting and browning 
characteristics of fat free, low, and reduced fat Mozzarella cheese can be controlled by 
preventing surface drying during baking with the use of a hydrophobic surface coating. 
Another option was to add emulsifying salts that could modify the physicochemical 
characteristics of reduced and nonfat cheese, such as solubilizing or hydrating protein 
(Mizuno and Lucey, 2005).  
Cheese Color and Low-fat Cheese Acceptability 
Previously, color of cheese had been difficult to rate, since no convenient or 
satisfactory standards was available (Nelson, 1948).  However, instrumental color 
measurement of foods is now part of routine quality control point. Regional and cheese 
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plant differences in milk and cheese making techniques affect the texture and flavor of 
the cheese and at some level color of cheese as well (Drake et al., 2009).  
Color of cheese is influenced by intrinsic factors are related to the milk used for 
cheesemaking and extrinsic factors such as colorants added to milk, packaging, and the 
storage of the cheese.  
Intrinsic 
Light Scattering. Milk is a complex fluid, consisting of three phases of 
constituents. Most of the mass of milk is a true solution (Fox and McSweeney, 1998). 
This includes lactose, minerals, vitamins, and other small molecules in water. These 
particles do not contribute to the color of milk. In this aqueous phase are dispersed 
proteins, whey proteins at the molecular level and casein micelles as large aggregates of 
colloidal state particles ranging from 50 to 600 nm. Lipids (fats) exist in emulsified state 
as globules ranging from 0.1 to 20 µm. Casein micelles and the milk fat globules are the 
primary contributors to the milk opacity and its color by contributing to the higher 
refractive index of milk than water. Light scattering in milk is caused by particles of 
relatively large size whose refractive index differs from water. In this case, light 
scattering by fat globules and casein micelles are the primary contributors to the color of 
milk (Walstra, 1990). Whey proteins are small in size and low in concentration to 
contribute substantially to light scatter in milk. The size of casein micelles results in 
preferentially scattering of blue light more than red light, hence the bluish tint to skim 
milk. Milk whey (serum phase) contains riboflavin which gives whey its yellow-green 
color. 
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Product Composition. The main variation in color of milk and milk products is 
caused by its fat and protein content. Fat and protein, as discussed earlier, are the main 
players in scattering light and imparting white color to milk. It has been noticed that 
transparency, gloss, and whiteness were particularly vital for discerning the fat content of 
milks ranging from 0 to 4% fat (Phillips et al., 1995).  
Carotenoids/β-Carotene. In general, Carotenoids are C40 isoprenoids and 
tetraterpenes that are located in the plastids of both photosynthetic and non-
photosynthetic plant tissues (Young, 1991). Among ruminants, only cows accumulate 
high concentration of carotenoids, especially β-carotene (Figure 2.1) due to lower vitamin 
A synthesis in enterocytes (Hincu et al., 2010). This gives cow milk a slight yellow tint 
(not easily visible to naked eye but increased multifold in concentrated dairy products) as 
compared to buffalo milk. The carotene in fat globules scatters yellow light and is 
responsible for the yellow color of cow milk. Buffalo, goat, and sheep milk is white in 
color compared with cow milk (Saini and Gill, 1991).  
 
 
 
Figure 2.1. Structure of β-carotene 
(reproduced from http://www.carotenoidsociety.org/carotenoids) 
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The varying colors of carotenoids (pale yellow through bright orange to deep red) 
are directly linked to their structure. Yellow and orange carotenoids are known as 
carotene and the red ones as lycopene. When carbon-carbon double bonds are conjugated, 
electrons in the molecule can move freely across these areas. They give the carotenoids 
property of absorbing radiations in the visible light, thus forming the basis of their 
identification and quantification and cause various wavelengths of light to be absorbed. 
As the number of double bonds increases, electrons associated with such conjugated 
systems are more mobile, and require less energy to change states. This causes the range 
of energies of light absorbed by the molecule to decrease. As more wavelengths of light 
are absorbed from the short end of the visible spectrum, the compounds acquire an 
increasingly red appearance.  
Consequently, carotenoids are potential biomarkers in nutritional and sensory 
characterization of dairy products, for milk traceability management, and for determining 
its source (e.g., whether it is cow, sheep, goat, or buffalo milk) (Noziere et al., 2006). 
Carotenoids are sensitive to light, heat, oxygen, acids and alkaline bases. They act as 
antioxidants, some of which being vitamin A precursors (Stan, 2007). 
Biliverdin/Billirubin. Biliverdin is a pigment found in fresh buffalo milk which is 
blue-green in color. This gives buffalo milk entirely different appearance than the cow 
milk (Sahai, 1996).   The structure of biliverdin is shown in Figure 2.2. This pigment is 
present in varying amounts in buffalo milk ranging from 51.8 to 65.3 µg/100 mL (Kumar 
et al., 1987) and is not affected by type of feed given to the animal.  
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Figure 2.2. Structure of biliverdin 
(adapted from http://en.wikipedia.org/wiki/File:Biliverdin.png)  
 
According to Rao and Dastur (1984), biliverdin was linked with casein and 
proteose-peptone fraction of buffalo milk and in a bound state as it exhibited similar 
electrophoretic mobility on poly-acrylamide gel electrophoresis (PAGE) as casein. 
Biliverdin was also reported to be readily bonded with casein even in non-native state 
(Rao and Dastur, 1984). As compared to carotene content in cow milk, biliverdin content 
in buffalo milk is fairly high (Jandal, 1988).  Biliverdin gets transformed to bilirubin in 
presence of biliverdin reductase (Kikuchi et al., 2001) by reducing its double-bond 
between the pyrrole rings into a single-bond. It accomplishes this using NADPH + H
+
 as 
an electron donor, forming bilirubin and NADP
+
 as products as shown in Figure 2.3.  
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Figure 2.3. Reduction of biliverdin to billirubin 
(modified from http://www.sidthomas.net/Agriculture/dung.htm) 
Animal Species. Milk plays the role of complete food for mammal infants, and 
wholely nourishes them for their first few months and provides immunological protection 
(Webb et al., 1974). The composition of mammalian milk has been very well studied and 
documented. There are more than 4000 mammals, out of which only 120 mammals‟ milk 
has been studied with only milk from 16 species being used for human consumption 
(Bylund, 1995). Different species of animals have different nutritional needs and 
digestive abilities (Nelson et al., 1951). Hence, there are wide differences in composition 
of milk of different species. As a result, the final products prepared with different species 
milk is different in overall flavor and appearance. For example, cheese made with cow 
milk will differ from cheese prepared from goat, sheep, or buffalo milk.  
Animal Feed. As mentioned earlier, fat content in milk greatly influences color of 
milk and products prepared from such milk. Milk from the animals fed on pasture is 
different in appearance than the milk from animals fed on grains. This has mainly been 
associated with change in fatty acid profile and carotenoids particularly β-carotene 
content (Chilliard et al., 2000; Martin et al., 2005; Noziere et al., 2006), and can also 
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result in differences in taste and flavor. Grass-based diets, especially pasture, lead to a 
higher milk β-carotene concentration than diets rich in concentrates or corn silage 
(Havemose et al., 2004; Martin et al., 2004).  
Extrinsic 
As well as intrinsic variation in appearance of cheese, color can also be imparted 
extrinsically as part of the cheese making process. Among extrinsic factors, the main 
player is the added color. In the USA, coloring agents used in foods need to be approved 
by the US Food and Drug Administration (FDA) before marketing or usage (Revan et al., 
2003). Colorants permitted for cheesemaking are distinguished either as „certified‟ or 
„exempt from certification‟ as described in 21CFR73-74 (Kuntz, 1994).  
Colorants Added to Cheese Curd. Cheese color is commonly and roughly 
categorized as pale, yellow, golden, darkish yellow, orange, white, chalky white, and off 
white for common variety of cheeses such as Cheddar and Mozzarella. However, the 
gourmet or artisan cheeses color is not restricted by white or yellow but also described as 
aquamarine, blue, brown, gray, green, reddish, ivory, pink or purple. All of these colors 
and many more have been fabricated to describe cheese color (McCalman and Gibbons, 
2005). According to McCalman and Gibbons (2005), some color modifiers are also used 
to describe cheeses such as bright, bleached, deep, dirty, dull, uneven, uniform, shiny and 
soiled. These terms do not inform exactly about cheese color but broadly describe its 
appearance per se.  
Natural cheese color is white with a yellow tint. The orange color is caused by the 
addition of annatto seed extract which is a natural coloring, as described earlier. 
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However, some cheeses are treated after manufacturing, with varied substances such as 
beer, red wine, ash, etc. to color the block of cheese. These cheeses develop a colored 
rind which is distinct from their interior color. For example, Aarauer Bierdeckel, is a 
washed-rind artisanal cow's milk cheese from Switzerland which is bathed in wheat beer, 
giving it a slightly pungent aroma and beige to light reddish brown colored rind whereas 
the paste is more yellow with irregularly shaped holes.  
Some cheeses are rubbed with vegetable ash to develop bluish green color with 
slate gray molds (Martinez, 2007). Washed rind cheeses are also available which take on 
sunset colors with dusty orange to a pinkish appearance. The color of rind should be 
uniform (Martinez, 2007) to impart an appetizing outer look.  
Low fat cheese color. Similarly, for low fat cheese, its color is equally important 
or more important than its texture and flavor. There has been little information available 
on the alteration of low fat cheese acceptability by altering its color. The investigators 
noticed defective color (Sipahioglu et al., 1999), or problems with intense color (Mistry, 
2001) when fat is removed or reduced from cheese. However, no data are available to 
confirm that the consumer degree of liking for low fat cheese could be increased by 
changing the color of low fat cheese. The above mentioned color variations found for 
natural cheeses could be studied on low fat cheeses to make them appetizing.  
Annatto. Annatto is a seed-specific pigment widely used in foods and cosmetics 
(Bouvier et al., 2003). Annatto food colors have been used for a considerable time in the 
food industry, mainly for coloring butter, margarine and cheese (Reith and Gielen, 1971). 
It is produced from the reddish pulp which surrounds the seed of the achiote (Bixa 
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orellana L.) and has a yellowish-orange color. Annatto extract rank as the second most 
economically important natural color in the world (Lauro and Francis, 2000) and it is the 
most frequently used natural color in the food industry in most parts of the world. The 
major color component of annatto is fat soluble apo-carotenoid, 9'-cis-bixin (Figure 2.4), 
which accounts for over 70% to 80% of the annatto pigment with water soluble part 
called norbixin (Kuntz, 1994). In the United States, annatto extract is listed as a color 
additive “exempt from certification” and is considered to be a natural color 
(21CFR73). Although, bixin and norbixin are carotenoids, they are not vitamin 
A precursors. 
Annatto structure is elucidated in Figure 2.4. In addition to bixin, other pigments 
from annatto extracts have also been characterized (Mercadante et al., 1999) including: 6 
apocarotenoids (C30 and C32), 8 diapocarotenoids (C19, C22, C24, C25) and a 
carotenoid derivative (C14). These are all in minor proportions. Norbixin is formed by 
alkaline hydrolysis of bixin during the extraction process to give a water soluble di-
carboxylic acid, as well as causing other changes in the structure. Heating the cis- isomer 
forms the more thermodynamically stable trans-bixin so that both cis- and trans- norbixin 
result from alkaline hydrolysis. 
  
 
Figure 2.4. 9‟-cis bixin structure 
(Adapted from http://www.succulent-plant.com/glossary/images/annatto.png) 
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Titanium Dioxide. Titanium dioxide is the naturally occurring oxide of titanium. 
It is used as a white pigment with wide range of applications in paints, sunscreens, 
and foods. It is also refereed to “titanium white” or “pigment white 6”. It has long been 
used to enhance whiteness and opacity of non-food items, and found use in food items 
such as coffee creamer and some cheeses. According to 21CFR73.575, “the identity of 
titanium dioxide is described as the color additive titanium dioxide is synthetically 
prepared TiO2, free from admixture with other substances or as the color additive 
mixtures for food use made with titanium dioxide may contain only those diluents that 
are suitable and that are listed in this subpart as safe in color additive mixture for coloring 
foods such as silicon dioxide or aluminium dioxide as dispersing aids not more than 2%”.  
Moreover, titanium dioxide shall conform to the following specifications: ≤ 10 
ppm Pb, ≤ 2 ppm Sb, ≤ 1 ppm As, Hg, ≤ 0.5%, water soluble substances, ≤ 0.3%, acid 
soluble substances (21CFR73.575).  Titanium dioxide may be safely used for coloring 
foods but with certain restrictions namely, the quantity of titanium dioxide does not 
exceed 1% by weight of the food, may not be used to color foods for which standards of 
identity have been promulgated under section 401 of the act unless added color is 
authorized by such standards, the label of the color additive and any mixtures intended 
solely or in part for coloring purposes, and certification of this color additive is not 
necessary for the protection of the public health (21CFR73.575). 
Saffron. Saffron has been used since ancient times for its aromatic, flavor and 
coloring properties and also for its therapeutic characteristics such as an antioxidant, anti-
inflammatory, and anticancer activity (Abdullaev and Esponosa-Aguirre, 2004). Saffron 
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is the dried stigma of Crocus sativus L. Color additive mixtures made with saffron may 
contain as diluents only those substances listed as safe and suitable in color additive 
mixtures for coloring foods (21CFR73.500). Saffron‟s uses are restricted by safe amounts 
consistent with good manufacturing practice, the color additive and any mixtures 
intended solely or in part for coloring purposes. Similar to TiO2, the certification of this 
color additive is not necessary for the protection of the public health. 
Paprika. Paprika is the ground dried pod of mild capsicum (Capsicum 
annuum L.) and it is used as a color additive for some cheeses. Paprika is principally used 
to season and color rice, stews, and soups, and in the preparation of sausages as an 
ingredient that is mixed with meats and other spices. In the United States, paprika is 
frequently sprinkled on foods as a garnish, but the flavor is more effectively produced by 
heating it gently in oil. It is available in grades ranging as follows:  
 Special quality - the mildest, very sweet with a deep bright red color.  
 Delicate - color from light to dark red, a mild paprika with a rich flavor.  
 Exquisite delicate – similar to delicate, but more pungent.  
 Pungent exquisite delicate - an even more pungent version of delicate.  
 Rose – pale red in color with strong aroma and mild pungency.  
 Noble Sweet – the most commonly exported paprika; bright red and 
slightly pungent.  
 Half-Sweet – A blend of mild and pungent paprikas; medium pungency.  
 Strong – light brown in color, the hottest paprika.  
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Paprika is described in 21CFR73.340 as safely used for the coloring of foods in 
amounts consistent with good manufacturing practice, except that it may not be used to 
color foods for which standards of identity have been promulgated. Certification of this 
color additive is not necessary for the protection of the public health however it should be 
mentioned on label. 
Turmeric. Turmeric (Curcuma longa) is a rhizomatous herbaceous perennial 
plant of the ginger family, Zingiberaceae. Besides its use as a spice, turmeric is 
sometimes used as an agent to impart a rich, custard-like yellow color. It is used in 
canned beverages and baked products, dairy products, ice cream, yogurt, yellowcakes, 
orange-juice, biscuits, popcorn color, sweets, cake icings, cereals, and sauces. It is a 
significant ingredient in most commercial curry powders. It is exempted from 
certification provided that its use is in compliance with good manufacturing practices and 
level suitable for public health (21CFR73.600). 
 
 
 
 
Figure 2.5. Turmeric active substance Curcumin (a) keto form (b) enol form 
(Shehzad and Lee, 2010) 
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Curcumin (1E,6E)-1,7-bis (4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-
dione, is the active substance of turmeric and is known as C.I. 75300, or Natural Yellow 
3. It can exist in at least two tautomeric forms, keto and enol (Figure 2.5). The keto form 
is preferred in solid phase and the enol form in solution. Curcumin‟s color is pH-
dependent. Being yellow in acidic and neutral solutions, whereas bright red at pH > 8.6. 
Cheese With Enhanced Health Benefits:  
Functional Cheeses 
Cheese is a rich source of calcium, protein, and phosphorus. It has been reported 
that a 30 g (1.1 oz) serving of Cheddar cheese contains about 7 g (0.25 oz) of protein and 
200 mg of calcium. Nutritionally, cheese is essentially concentrated milk: it takes about 
200 g (7.1 oz) of milk to provide that much protein, and 150 g (5.3 oz) to equal the 
calcium (Walther et al., 2008). It is also concentrated in fat (~32%) and to be considered 
a low-fat food, the fat content of cheese must be reduced to 6% (as compared to 32% in 
full fat cheese). Others include fortifying cheese with iron, vitamin D, omega 3-fatty 
acids, or calcium and adding probiotic cultures.  
Foods which promote health beyond providing basic nutrition have been termed 
as „functional foods‟ by the International Life Science Institute (Diplock et al., 1999). 
Cheese is an important source of nutrients but is low in iron. Iron deficiency continues to 
be a major health problem in the US. However, iron has not been added to dairy products 
because the problems associated with the fortification of dairy products such as oxidation 
and development of off-flavors are not solved (Scanlan and Shipe, 1962; Demont, 1971; 
Owen and McIntire, 1975). If suitable sources for iron fortification were found, dairy 
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products could be fortified and promoted on the basis of iron content as well as calcium 
and vitamin D contents.  
Other than iron, cheese has been fortified with vitamin D. But it was proposed as 
equally appropriate to fortify dairy products, especially cheese and yogurt, with iron 
(Zhang and Mahoney, 1989). Another interesting area is the fortification of cheese with 
ω-3 fatty acids. It has been reported that long-chain ω -3 fatty acids (FAs) 
eicosapentaenoic acid (EPA) and the docosahexapentaenoic acid (DHA), substantially 
lowers the incidence of sudden death, myocardial infarction, stroke, and overall mortality 
(Leaf and Weber, 1988; Albert et al., 1998; Connor, 2000; Buchner et al., 2002; Hu et al., 
2002). Given the exposure to mercury, which may attenuate the beneficial effects and the 
exhaustion of the natural fishery resources, nonmarine sources of ω -3 FAs are of 
increasing interest (Guallar et al., 2002). α-Linolenic acid (C18:n3; ALA) may be a key 
candidate because it is plant derived and because a diet rich in ALA appears to be 
protective in the primary and secondary prevention of fatal cardiovascular events (de 
Lorgeril et al., 1999).  
In addition to iron, vitamin D, and ω-3 fatty acid fortification in cheese, calcium 
fortification is also considered one of the most important aspects. Calcium may have a 
role in preventing osteoporosis, a bone disorder common to women (Niewoehner, 1988). 
In cheese, calcium changes from the colloidal to the dissolved state in acid condition 
causing loss to whey and wash water. Only about 5.1% of the original calcium is retained 
in curd after final washing; the rest is lost in whey and wash water (Wong et al., 1976).  
Apart from adding value to cheese, calcium also imparts bitter and chalky and sandy 
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mouthfeel and undesirable texture. Therefore, calcium was proposed to be added along 
with some hydrocolloids to control the defects mentioned earlier (Puspitasari et al., 
1991).  
Possible Ways to Add Ingredients in Cheese 
 Recent studies on cheese utilization and factors influencing its consumption as 
reported by USDA revealed a new factor that is age (Davis et al., 2010). With increasing 
improvements in lifestyle and medical limitations for some consumers, there is increasing 
expectation to buy cheese with added benefits. Cheese is now investigated as a possible 
carrier for functional ingredients which has been only consumed through fruits and 
vegetables such as antioxidants, polyphenols, dietary fibers, and hydrocolloids. Fortifying 
cheese with green tea extracts to accommodate a functional ingredient epigallocatechin 
gallate or commonly known as EGCG from tea, into the cheese has been investigated 
recently (Han et al., 2011). Polyphenolic compounds (e.g. EGCG) were added to cheese 
curds at a concentration of 0.5 mg/mL resulting in free radical scavenging activity (Han 
et al., 2011).  
The development of possible ways to fortify cheese with functional ingredients 
has been practiced. This is not enough to fortify cheese with these ingredients but to find 
the suitable ways to maintain the bioavailability and stability of the functional ingredients 
overtime (Gonzales-Larena et al., 2011). The potential use of co-encapsulation 
methodologies, in which 2 or more functional ingredients can be combined with a 
synergy, has been proposed (Champagne and Fustier, 2007). Cheese, being a complex 
system, can be added with healthy ingredients by using encapsulation techniques. The 
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challenge of limited stability of functional ingredients can also be solved by using co-
encapsulation methods. The presence of antioxidants and chelating agents can enhance 
the stability of delicate ingredients (Buffo and Reineccius, 2000) in less favorable food 
matrix.  
Dietary Fiber: Health Benefits and  
Recommended Dietary Intake (RDI) 
Chemically, dietary fiber consists of non-starch polysaccharides such as cellulose 
and many other plant components such as dextrins, inulin, lignin, waxes, chitins, pectins, 
beta-glucans and oligosaccharides. Dietary fiber can be soluble or insoluble. Insoluble 
dietary fiber includes cellulose and lignin which occur in whole grains (especially wheat 
bran), and hemicellulose (partly soluble) found in whole grains, nuts, seeds, fruits and 
vegetables (Nevid et al., 1998). Soluble fiber (e. g., inulin, pectin, polydextrose) is not 
digested in the human gastro-intestinal tract, however, some action by bacteria occurs in 
the lower digestive tract. Such fibers are described as being a prebiotic (Schrezenmeir 
and de Vrese, 2001). Soluble fiber, being prebiotic, also absorbs water to become a 
gelatinous substance that passes through the body (Jennings, 2009), and hence has an 
effect on stool weight (Slavin, 1987; Bennett
 
and Creda, 1996). However, it has been 
suggested that
 
fermentable fiber can increase fecal output by stimulating microbial
 
growth, with the production of short-chain fatty acids and other products (Stephen and 
Cummings, 1980).  
Insoluble fiber (e. g., resistant starch, cellulose), however, passes through the 
body largely unchanged (Peterson, 2009). The main reward of consuming fiber are the 
production of health-promoting compounds during the fermentation of soluble fiber, and 
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insoluble fiber's ability (via its passive water-attracting properties) to increase bulk, 
soften stool and shorten transit time through the intestinal tract.  
The average American consumes 14 grams of dietary fiber a day, which is 
considerably less than the recommended level. The current recommendations (2010 
Dietary Guidelines for Americans) suggest 14 g of fiber per 1000 calories consumed. 
Also, fiber intake may vary depending on age and gender. In the United States, if dietary 
fiber added to cheese, a claim can be made that the cheese is high, rich or excellent 
source of fiber if it contains 5 g or more per 30 g serving. If the cheese contains ≥ 2.5 g of 
fiber per 30 g serving, it can be considered as a good source of fiber (Anderson et al., 
2005; Kranz et al., 2006). According to 21CFR101.54, to claim good source of fiber, it 
must contain 10% daily value per serving. There must be at least 1 g of dietary fiber per 
serving to mention on the nutrition label which is 3% daily value per serving 
(21CFR101.13, 101.36, and 101.62). Interestingly, only a few fibers are adapted for use 
in dairy foods where the flavor, color, body, and texture are quite subtle (Berry, 2011). 
Some soluble fibers have also been shown to boost calcium absorption (Berry, 2011) and 
act as prebiotics to promote the growth of beneficial intestinal bacteria such as 
Bifidobacteria and Lactobacillus acidophilus (Mitsuoka, 1990). To list dietary fiber on a 
Nutrition Facts panel, the product must be tested by an approved dietary fiber 
quantification method, per FDA. Some tests are able to quantify fibers such as inulin, 
fructooligosaccharide, polydextrose and resistant starch, while others are not.  
 Besides solubility of fiber, another most important classification from the point of 
view of physiology is according to digestibility in the small intestine (Asp, 1995). There 
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are three main types of carbohydrates that are undigestible in the human small intestine: 
Non-starch polysaccharides (NSP), resistant starch (RS) and non-digestible 
oligosaccharides (NDOs). Resistant starch is a relatively new class of dietary 
carbohydrates, which attract increased interest of food manufacturers due to beneficial 
effects they might have for human health. The fermentation of non-digestible fiber in the 
colon causes a lowering of the pH, formation of short chain fatty acids and, for various 
types of resistant starch, a high proportion of butyrate (Voragen, 1998).  
Fiber as Fat Replacers 
 Some carbohydrates suggested for use as fat mimetics include acid or 
enzymatically hydrolysed starches, inulin, low methoxy pectins, guar, locust bean gum, 
xanthan gum, carrageenan, gum arabic, micro-crystalline cellulose (Voragen, 1998). The 
functionality of the carbohydrate-based fat substitutes is based on their ability to increase 
viscosity, to form gels, provide mouthfeel and texture, and to increase water-holding 
capacity. Carbohydrate-based fat replacers, in general, are soluble up to 80% giving 
viscous solutions which behave Newtonian. Because of its high Tg (glass transition 
temperature, 110°C), they contribute to increased stability of low-fat foods, especially 
texture. They also function as a cryoprotectant, freezing point depressor and give an over-
all cooling effect to the food (Craig et al., 1996).  
 The chemical stability of carbohydrate-based fat mimetics is comparable with the 
stability of NDOs and depends upon the type of constituent sugar residues, ring form and 
anomeric configuration, type of linkages and degree of branching. It also depends upon 
their solubility. At low and high pH and high temperature they are liable to degradation. 
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Since they are polysaccharides, their participation in maillard reactions is negligible. The 
degree of polymerization of these polysaccharides range from 1 to 100 with a molecular 
weight average of 10.   
Inulin as a Partial Fat Replacer in  
Cheesemilk (W/O/W Emulsion) 
Adequate levels of fiber must be consumed through the regular diet. 
Unfortunately, Americans, in general, do not eat enough of the correct foods such as 
whole grains, fruits and vegetables, to consume adequate amounts of fiber. This is why 
fortification has become quite common. Regardless of the dietary delivery vehicle, fiber 
plays an important role in human health (Berry, 2011). Wheat bran, a non-fermentable 
fiber is well known for its laxative effect. However, studies have indicated that 
fermentable fibers give greater benefits. Fermentable fiber resists digestion and 
absorption in the small intestine, with complete or partial fermentation taking place in the 
large intestine. This accomplishment has been strongly associated with reducing the risk 
of colon cancer. Inulin is one such example of fermentable fiber. The best-known 
nutritional effect of inulin is its action to stimulate bifidobacteria growth in the intestine 
(Guven et al., 2005). Moreover, Inulin can mimic fat in water-based foods such as dairy 
products, when used as a fat replacer giving a fat-like mouth feel and texture (Izzo and 
Franck, 1998; Zimeri and Kokini, 2003).  
Inulin with combined impact of technological and nutritional enhancement of 
dairy products is an attractive ingredient to be explored further for enriching low-fat 
cheeses. Previously, inulin has been fortified and tested for its effect on quality of fresh 
cheeses (Koca and Metin, 2004) and imitation cheeses (Hennelly et al., 2006). These 
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researchers (Koca and Metin, 2004; Hennelly et al., 2006) were able to replace ~70% fat 
and ~50% fat in kashar and imitation cheese, respectively, without any adverse effect on 
cheese sensory quality. In a recent review by Meyer and group (2011) on the texture 
improvement properties of inulin, the group have discussed the usage of inulin as a fat 
replacer and texture modifier for dairy foods in different forms, liquids, semi-solids, or 
solids. Inulin, in the form of oligosaccharide, has been reported as highly favorable in 
cream cheese and other soft cheeses at 10% level as compared to native or long chain 
inulins (Meyer et al., 2011).  
When tested its compatibility with probiotic bacterial growth, the addition of 
probiotic bacteria and inulin did not change taste or texture of the cottage cheese after 15 
days of storage at 5 °C in comparison with the control non-probiotic cheese (Araujo et 
al., 2010). Inulin when used as pre-formed gel to replace fat, has also been documented 
as improving the hardness problem of reduced fat cheeses when investigated in reduced 
fat imitation cheeses (Hennelly et al., 2006). The same property of inulin can be utilized 
to improve texture of low-fat cheese by reducing the hardness. Decrease in cheese 
hardness with inulin is speculated to be a function of inulin‟s water-holding ability. At 
the same time, low-fat cheese can be developed as vehicle for dietary fiber. 
Inulin, being confirmed as GRAS in the US, is easily obtained from a variety of 
plants including chicory roots (Van Loo et al., 1995). It has a bland or neutral taste, 
without any off-flavor or aftertaste. Hence, it can be easily added to cheese without 
influencing the typical flavor profile of cheese. It forms a 3-dimensional particle gel 
network resulting in a white creamy structure with a spreadable texture (Franck, 2002). 
33 
 
 
On the other hand, there has been a growing interest to investigate appropriate 
compounds (Surh et al., 2007) to develop water-in-oil-in-water (W/O/W) emulsions to 
explore their beneficial addition as a vehicle for fortifying nutrient poor foods with 
essential nutrients of soluble nature. For an instance, fortification of cheese with 
vitamins, minerals, or soluble dietary fibers. However, the preparation of multiple 
emulsions of such properties are very difficult due to the problems associated with 
internal water droplets coalescence and expulsion of water molecules from the internal 
aqueous phase to the bulk aqueous phase (Benichou et al., 2004).   
Double emulsion (W/O/W) can be described as the emulsions consisting of water 
droplets contained within larger oil droplet, which is dispersed in an aqueous phase. To 
create such a moiety, a two-step homogenization is usually employed with two 
emulsifiers of both hydrophilic (high HLB number) and hydrophobic nature (low HLB 
number) (Surh et al., 2007). The stability of w/o emulsion is very important for the 
overall stability of W/O/W emulsion.  
The assimilation of a gelling substance for example gelatin (Cho et al., 2003) or 
sodium caseinate (Su et al., 2006) has been proposed to be used as the dispersed aqueous 
phase of the primary emulsion as a way of improving the long-term stability of w/o 
emulsions. This method offers the likelihood of improving water droplet resistance to 
mechanically encouraged stresses during homogenization, and also to droplet escape or 
coalescence after homogenization. On the other hand, this technique may be less effective 
at preventing water diffusion between the oil phases because water molecules can still 
move through the gel network. Additionally, it also offers the possibility of creating 
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novel encapsulation systems with adjustable release properties. The application of inulin 
for such techniques may prove successful and our mission of enriching low-fat cheese 
can be accomplished by employing W/O/W emulsion incorporating inulin gels in primary 
W/O emulsion.  
Sensory Evaluation Techniques  
Used for Cheese 
 One of the main goals of food processors is to develop food products of high 
quality with acceptable and preferable sensory attributes such as taste, aroma, color, 
flavor, and texture. Both new and existing products undergo several sensory tests during 
their developmental stage and prior to their marketing. Although sensory evaluation of 
dairy products has been in vogue for many years (Meilgaard et al., 2007), there has been 
an increasing trend of more formal test settings for sensory analysis of these products, 
especially for cheese (Fox et al., 2004). For dairy products, grading and judging are used 
for their quality evaluation (Bodyfelt et al., 1988) at dairy plants. These evaluations are 
based on the presence or absence of specific defects and the quality score is subjective 
rather than specifically defined (Bodyfelt, 1981). Academic researchers have used 
descriptive analysis to study flavors, aging and various processing parameters in cheese 
(Piggott and Mowat, 1991; Drake et al., 2001).  
Considering the descriptive flavor analysis of cheese, Drake et al. (2001) 
generated a descriptive language for Cheddar cheese flavor lexicons that could be easily 
adopted by dairy companies and dairy researchers. This group used a number of 
references to train panelists to understand flavor attributes such as cooked, whey, 
diacetyl, fruity, sulfur, and so on. Besides descriptive analysis, modern sensory 
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techniques such as consumer insights and research can help dairy processors develop new 
products that are highly appealing to consumers. They also enable processors to optimize 
a product‟s flavor, texture and color to attract specific target audiences as well as 
accurately monitor product quality (Anonymous, 2005) by conducting consumer panels 
on finished dairy products prior to their market launch. There are many kinds of sensory 
tests, the most widely used being difference tests, descriptive analysis and consumer 
acceptance testing. Coupling sensory data with chemical analysis can provide stronger 
insights than using either of these techniques alone (Hedegaard et al., 2006).  
According to Meilgaard et al. (2007), an appropriate scale should be used to evaluate a 
product‟s attribute that can be selected based on the final goal of the researcher or 
processor (Murray et al., 2001). In general, a categorical intensity scale (0 to 15) is used 
to train panelists for descriptive profiling. A 7-point scale with verbal descriptors, a 9-
point hedonic scale for overall liking, or a 5-point just-about-right scale to assess 
closeness of a products attributes to existing perceptions, is often employed for consumer 
tests (Anonymous, 2005). When sensory evaluation is performed using the just-about-
right scale, the data should be analyzed using a non-parametric test such as Kruskal 
Wallis (or other one-way analysis of variance) since the data distribution is not normal in 
most cases (Epler et al., 1998; SAS, 1999). Drake and Delahunty (2011) suggested that 
using sensory data as the means of translating consumer preferences into a product 
composition specification enables consistent quality product production and new-product 
development.   
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CHAPTER 3 
IMPROVEMENT IN MELTING AND BAKING PROPERTIES OF LOW-FAT 
MOZZARELLA CHEESE
1
 
 
Abstract 
Low-fat cheeses dehydrate too quickly when baked in a forced air convection 
oven, preventing proper melting on a pizza. To overcome this problem, low-fat 
Mozzarella cheese was developed in which fat is released onto the cheese surface during 
baking to prevent excessive dehydration. Low-fat Mozzarella cheese curd was made with 
target fat contents of 15 g/kg, 30 g/kg, 45 g/kg, and 60 g/kg using direct acidification of 
the milk to pH 5.9 prior to renneting. The 4 portions of cheese curd were comminuted 
and then mixed with sufficient glucono-δ-lactone and melted butter (45 g/kg, 30 g/kg, 15 
g/kg, or 0 g/kg respectively), then pressed into blocks to produce low-fat Mozzarella 
cheese with about 6% fat and pH 5.2. The cheeses were analyzed after 15, 30, 60, and 
120 d of storage at 5°C for melting characteristics, texture, free oil content, dehydration 
performance, and stretch when baked on a pizza at 250°C for 6 min in a convection oven.  
Cheeses made with added butter had higher stretchability, compared to the control 
cheese. Melting characteristics also improved in contrast to the control cheese, which 
remained in the form of shreds during baking and lacked proper melting. The cheeses 
made with added butter had higher free oil content, which correlated (R
2
 ≥ 0.92) to the 
                                                 
1
 Reprinted from R. Wadhwani, W. R. McManus, and D. J. McMahon. 2011. J. Dairy 
Sci. 94(4):1713-1723. 
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amount of butter added, and less hardness, and gumminess compared to the control low-
fat cheese.  
Introduction 
Proper melting of cheese is an essential attribute of Mozzarella cheese for its 
functional performance on a baked pizza. This is influenced by fat content (Merrill et al.; 
Paulson et al., 1998), moisture content (Perry et al., 1997), combined fat and moisture 
content (Barz and Cremer, 1993), sodium content (Paulson et al., 1998) total calcium 
content (Paulson et al., 1998; McMahon and Oberg, 2000; Joshi et al. 2003a, 2003b), 
protein-bound calcium (Walstra and Jennes, 1984), extent and type of proteolysis 
(Oommen et al., 2002), and the conditions of baking. An increased meltability of 2.6 
times was reported with the reduction of calcium level from 0.65% to 0.35% (Joshi et al., 
2004). Such low levels of calcium are obtained when Mozzarella cheese is made using 
direct acidification (McMahon et al., 2005). Reducing the calcium causes an increased 
interaction of proteins with surrounding serum, causing more hydration of proteins and 
better melting of the cheese. 
In many commercial pizza operations (especially quick serve restaurants), a 
forced air convection oven is used for baking. These ovens employ higher temperatures 
(250°C to 300°C) and shorter times (4 to 6 min) compared to a home oven or other non-
convection oven. With heating using convection ovens, the movement of hot air against 
the pizza surface results in considerable loss of moisture from the pizza ingredients (i. e., 
dough forming the crust, cheese, and other toppings). During baking, low moisture part 
skim Mozzarella cheese and low-fat Mozzarella cheese can lose up to ~28g/100g (Rudan 
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and Barbano, 1998) with a resultant moisture content drop of up to 50%. One way of 
controlling melting and browning characteristics of lower fat Mozzarella cheese is to 
prevent surface drying during baking by spraying the cheese with a thin film of vegetable 
oil (Rudan and Barbano, 1998; Zaikos et al., 1999). 
Excessive surface drying of cheeses made with low butterfat contents can also be 
retarded by increasing the water holding capacity of the cheese protein matrix. McMahon 
and Oberg (2000) used direct acidification for making a nonfat Mozzarella cheese in 
which more calcium is lost during cheesemaking resulting in a more hydrated protein 
matrix (Paulson et al., 1998; Guinee et al., 2002). Such directly acidified cheeses 
typically have higher moisture levels, calcium to protein ratios that are 30% lower, and 
increased melting properties compared to culture-acidified cheeses (Sheehan and Guinee, 
2004). Metzger et al. (2001) reported that water-insoluble calcium and proteolysis were 
associated with changes in the post-melt chewiness of low-fat Mozzarella cheese. At pH 
> 5.0, calcium content controls cheese functionality while pH < 5.0, it has a greater 
influence on texture and melting (McMahon et al., 2005). 
The aim of our research was to determine if fat could be  added internally to 
cheese and provide a source of more freely expressible oil during pizza baking. To do this 
cheese curd with fat contents 15 g/kg to 60 g/kg were made using direct acidification, 
comminuted, mixed with additional fat in the form of melted butter, and pressed to 
produce low-fat Mozzarella cheese containing 6% fat. Melting and baking properties of 
the cheeses were examined along with an examination of cheese microstructure to 
determine the location of added butter within the low-fat cheese matrix. 
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Materials and methods 
Cheese Making 
Fresh milk was obtained from the George B. Caine Dairy Research and Teaching 
Center (Wellsville, UT), then transported to the Gary H. Richardson Dairy Products 
Laboratory where the milk was standardized to casein-fat ratios of 20, 15, 7, and 5 and 
pasteurized at 73°C for 15 s. Each 136-kg batch of milk was cooled and and then 
acidified with vinegar (Sysco Corp, Houston, TX) to pH 5.9, heated to 32°C,then 
renneted. Double-strength chymosin (ChyMax, Chr. Hansen Inc., Milwaukee, WI) was 
diluted 20-fold with chlorine-free cold water, added to milk, stirred and let stand for 20 
min. Curd was cut when firm with 1-cm wire knives, healed for 5 min, and gently stirred 
to avoid fusion of freshly cut curd cubes and to facilitate whey expulsion. One-third of 
the whey was removed and stirring was continued for an additional 20 min. Whey was 
drained and curd was washed with cold (10°C) water (50 g/kg of curd), held for 10 min, 
drained and curd stirred for 10 min to facilitate further whey expulsion. The curd was 
salted in 3 applications, 5 min apart and placed in a bowl chopper (Hobart, Troy, OH). 
Sufficient melted butter (45, 30, 15, or 0 g/kg curd) to produce cheeses with a total of 6% 
fat (e.g., 15 g/kg of butter was added to curd that contained 45 g/kg fat), along with 10 
g/kg curd of glucono-δ-lactone (GDL) (ConAgra Foods Inc., North Liberty, IA) to 
slowly lower cheese pH to 5.2. The GDL and butter were mixed with the curd as the curd 
was comminuted for 30 s to particles about 1 to 4 mm in size in the bowl chopper. The 
cheese was packed into 9-kg stainless steel hoops, and pressed overnight at 100 kPa.  The 
vacuum packaged cheese blocks were designated as NB, 1.5B, 3B, and 4.5B based on the 
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level of butter added during comminuting, i.e., no butter, 15 g/kg, 30 g/kg, and 45 g/kg 
butter, respectively. The blocks were stored at 3°C until used for analysis. Cheese making 
was performed in 2 replicates. 
Cheese Composition  
Moisture was determined (in triplicate) by weight loss using a microwave oven 
(CEM Corp., Indian trail, NC) at 70% power with an endpoint setting of < 0.4-mg weight 
change over 2 s. Fat content was determined (in duplicate) using a modified Babcock 
method (Richardson, 1985). Salt was measured by blending grated cheese with distilled 
water for 4 min at 260 rpm in a Stomacher 400 (Seward, England) filtering the slurry 
through a Whatman #1 filter paper, then measuring for chloride content (in triplicate) 
using a chloride analyzer (model 926, Corning, Medfield, MA). The pH was measured 
using a glass electrode after stomaching 20-g grated cheese with 10-g distilled water for 1 
min at 260 rpm. Water activity was evaluated on shredded cheese using an AquaLab Lite 
water activity meter (Decagon, Pullman, WA).  
Texture  
Texture profile analysis (TPA) of the cheese was performed (in triplicate) after 
15, 30, 60, and 120 d of storage using a Texture Analyzer TA.XT plus (Stable Micro 
Systems, Godalming, Surrey, UK) equipped with 2-kg load cell. The cheese textural 
parameters evaluated were hardness, adhesiveness, cohesiveness, gumminess, springiness 
and were calculated as described by Bourne (1968). The cheese samples were cut into 
cylindrical specimens (10 mm diameter x 20 mm) using a cork borer. The samples were 
55 
 
 
tempered for 1 h at room temperature (22°C) before analysis. A 2-bite compression test 
was conducted with 25% and 60% compression.  
Microstructure 
 Cheese samples (1mm x 15mm x 15mm) were soaked in 2 g/L Nile Red (Sigma-
Aldrich, Inc., Saint Louis, MO) in dimethylsulfoxide (Sigma-Aldrich, Inc) for 5 min to 
stain for fat. It was then rinsed twice in water, and stained with 5 g/L fluorescein 
isothiocyanate (FITC) (Sigma-Aldrich, Inc.) in acetone-water (1:1) solution to stain for 
protein. Stained sample was mounted on standard microscope slides with glycerin jelly 
(non-fluorescent observation medium), cover slipped and placed on an inverted 
microscope (Model MRC 23, Biorad, Hercules, CA). Laser scanning confocal 
microscopy (LSCM) was performed using a Kr/Ar laser to excite FITC at 488 nm and 
Nile Red at 568 nm. Fluorescent emissions were from 488 to 650 nm and 550 to 750 nm 
for FITC and Nile Red, respectively, and captured sequentially using exclusion filters of 
512 to 532 nm, and ≥ 585 nm. Images were false colored with fat as orange and protein 
as green. 
Meltability 
Meltability of cheeses was measured using a UW meltmeter (University of 
Wisconsin, Madison, WI) as described by Wang et al. (1998). Meltability was expressed 
as the percentage change in height of cheese sample (7-mm thickness and 30-mm 
diameter) after 16 s at a constant force of 0.33 N, when heated to 65°C.  
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Pizza Baking and Fork Test 
Stretchability  was  measured at 15, 30, 60, and 120 d of  storage using a fork test 
(Gunasekaran and Ak, 2003) after baking Mozzarella cheese on a pizza crust. Cheese 
samples were mechanically shredded (Presto Professional Salad shooter, Model 02970, 
Madison, WI). A 30-cm frozen pizza crust (Rich products Corp, Buffalo, NY) was 
thawed and 16 g of tomato pizza sauce (RaguTraditional Old World Style; Van Den 
Bergh FoodsCo., Lisle, IL) was spread over it then covered with 300 g of shredded 
cheese. The pizza was baked in a forced air convection oven (Impinger model 1132, Fort 
Wayne, IN) for 6 min at 250°C.  One minute after baking, a stainless steel 4-pronged fork 
was inserted into the cheese, then lifted vertically and the distance at which the cheese 
could be lifted before breaking was measured. Extent of stretch was measured from 3 
different places on the pizza. 
Free Oil Determination 
Free oil content of the cheese sample was determined using the method of 
Kindstedt and Rippe (1990) and modified for low-fat cheese by increasing amount of 
cheese sample to 4 fold. Thirty-six grams of ground cheese sample was weighed into a 
Babcock bottle then immersed in boiling water (~93°C in Logan, UT, 1382 m elevation) 
for 8.0 min to melt the cheese. Distilled water and methanol in 1:1 ratio (20 mL at 
57.5°C) was immediately added and the bottle was centrifuged (~57.5°C) for 10 min. 
Calculation for free oil content was appropriately modified according to the sample size 
used. Free oil was expressed on the basis of cheese weight and total fat content of the 
cheese as both percentage in cheese and percentage in cheese fat.  
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Data Analysis 
All statistical analyses were performed using the statistical procedures of SAS  
9.1.3 (SAS, 1999). Experiment was carried out using PROC MIXED with repeated 
measures. A correlation analysis was also performed using SAS software to correlate the 
free oil content in cheese sample with stretchability of cheese. Significance was declared 
at P < 0.05.  
Results 
Composition and Appearance 
Composition of the cheeses were similar (P > 0.05) and within expectations for 
low-fat cheese (Table 3.1). Fat content was between 5% and 6% for all cheeses. Moisture 
was within the range of 52% to 56%. Salt content was between 1.7% and 1.8%. The pH 
of the cheeses was controlled by the amount of vinegar added before renneting (to acidify 
milk to pH 5.90) and the amount of GDL added with the salt (20 g/kg) to the curd.  The 
curd prior to comminuting was at pH ~5.9 and during pressing and storage GDL 
hydrolyzed slowly such that curd pH dropped to about 5.1 when measured at 1 wk after 
manufacture. Water activity of all cheeses ranged from 0.97 to 0.98. All of the cheese 
blocks were similar in appearance. Some slight differences were observed during 
shredding of the cheese. The NB cheese produced long shreds.  As the level of added 
butter increased, shreds were shorter and more fines were observed. There was more 
sticking of the cheese to the shredder blades as the cheeses became older and was more 
pronounced in the cheeses made with added butter.  Overall, the 3B cheese was preferred 
because it shredded better than the 4.5B cheese and had good melting properties.  
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Table 3.1. Mean (± SE) composition of low-fat Mozzarella cheeses made by combining 
comminuted cheese curd containing about 6%, 4.5%, 3%, and 1.5% fat with 0%, 1.5%, 
3%, and 4.5% melted butter (NB, 1.5B, 3B, and 4.5B, respectively) 
  Treatment 
Parameter NB 1.5B 3B 4.5B 
Moisture, % 55.1 ± 1.0 52.1 ± 1.4 54.8 ± 2.4 56.0 ± 1.8 
Fat, % 5.5 ± 0.2 5.8 ± 0.3 5.7 ± 0.4 5.5 ± 0.3 
pH 5.10 ± 0.10 5.10 ± 0.00 5.20 ± 0.10 5.10 ± 0.10 
Salt, % 1.70 ± 0.10 1.70 ± 0.10 1.80 ± 0.10 1.70 ± 0.10 
 
Texture 
Initial Textural Changes from 15 to 30 d. At 15 d, control (NB) cheese had the 
highest (P < 0.05) cohesiveness (0.60), with cohesiveness decreasing with increasing 
amount of butter added during comminuting (Figure 3.1A). During storage from 15 to 30 
d, the cheeses with added butter (i.e., 1.5B, 3B, and 4.5B) apparently underwent further 
knitting and their cohesiveness at 30 d became similar to the control NB cheese. While 
the NB cheese had reached its maximum knitting within 15 d because its cohesiveness 
did not change after 15 d. At 15 d, the NB and 1.5B cheeses when compressed 60%, had 
similar hardness scores and were significantly different from the 3B and 4.5B cheeses 
(Figure 3.1B). However, if the cheese were only compressed 25% then there was no 
difference in hardness scores (data not shown). Thus, hardness (which is the maximum 
load exerted during compression) depends on how well the comminuted curd particles are 
knitted together. Hardness increased slightly between 15 to 30 d except for the cheese 
(4.5B) with the highest level of added butter.   
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For cheese gumminess, control NB cheese had similar values to 1.5B cheese but 
higher values (P < 0.05) than 3B and 4.5B cheeses (Figure 3.1C) at 15d of storage. 
Gumminess is calculated as the product of hardness and cohesiveness (Bourne, 1968) and 
these differences in gumminess at 15 and 30 d were a function of changes in both 
cohesiveness and hardness. The NB cheese did not show a change in gumminess while 
the 3B cheese increased in gumminess from 15 to 30 d due to increase in both hardness 
and cohesiveness. Some differences in adhesiveness were observed with large differences 
at 15 d and the cheeses with the highest amount of butter added (i.e., 4.5B) having the 
lowest adhesiveness values (Figure 3.1D).   
Textural changes after 30 d. Cohesiveness of cheeses (i.e., 1.5B, 3B, and 4.5B) 
increased from 30 to 120 d and was between 0.60 to 0.80 for all samples by 120 d (Figure 
3.1A). This is similar to cohesiveness of full fat cheese (Awad et al., 2005). This implies 
increased adhesion between cheese particles, presumably from knitting together of curd 
particles during aging. The hardness scores of control NB cheese were similar to 1.5B 
cheese (Figure 3.1B), however, the 4.5B cheese was still the lowest in hardness (P < 
0.05). Gumminess is presented in Figure 3.1C. As the added butter content increased, 
there was a decrease in gumminess especially the 3B and 4.5B cheeses. Adhesiveness 
was initially similar for all cheeses and increased during storage (Figure 3.1D).  There 
was significant difference in adhesiveness at 30 d but by 120 d, there was no difference. 
Zisu and Shah (2007) also reported an increase in adhesiveness during storage.  
Springiness was not different and remained at 0.81 ± 0.02. Similar observations on 
springiness in Mozzarella cheese was reported by Yun et al. (1993).  
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 Figure 3.1. Texture profile measurements of (A) cohesiveness, (B) hardness, (C) 
gumminess, and (D) adhesiveness for low-fat Mozzarella cheeses (NB, 1.5B, 3B, and 
4.5B) made from repressed comminuted cheese with 0% (∆), 1.5% (□), 3% (o), or 4.5% 
(■) added butter, respectively)  
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Microstructure 
Both fat and protein were imaged using LSCM and representative microstructural 
images for control and treated cheese samples are shown in Figure 3.2. When fat droplets 
were present that were larger than the plane of focus (and thus completely filled the focal 
plane), they appeared orange in color in the composite image produced by merging Nile 
red and FITC fluorescence channels. In contrast, small fat droplets appear yellow because 
they only fill a portion of the plane of focus with the remainder being filled by protein 
matrix.  
No fiber structure was observed in the cheeses because the cheese was made 
without using the pasta filata process. Hence, it was similar to the structure of non-fat 
Mozzarella (Paulson et al., 1998) rather than having fat-serum channels observed in 
regular Mozzarella cheese (Oberg et al., 1993). Fat was observed as tightly embedded 
masses within the casein matrix (Figure 3.2A). Most of the fat droplets in the NB cheese 
were small, generally less than 3 µm diameter with a few larger ~5 to 10 µm. The fat 
droplets were mainly spherical in shape, with protein matrix (green) occupying most of 
the micrograph as expected for cheese that consists of ~94% hydrated protein.  The areas 
with some clustering of fat droplets appear to be related to the surface of the comminuted 
cheese and where 2 curd particles are knitted together.  
For cheeses with added butter, the 1.5B cheese was similar in microstructure to 
the NB cheese. In the fields examined using LSCM, we did not observe any differences 
in structure that could be associated with added fat from butter (Figure 3.2B). In the 3B 
cheese, the added fat was apparent (Figure 3.2C) as larger fat droplets that were not 
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encased within the protein matrix and were dark orange in color. These were located at 
comminuted curd particle junctions. Such fat would remain on the surface of the 
comminuted curd particles and be trapped between them as the curd is pressed.  
The amount of fat droplets located between the curd particles increased with 
increasing level of added butter (compare Figures 3.2B to 3.2D). In the 3B and 4.5B 
cheeses, the butter added during comminuting tended to prevent complete knitting of 
curd particles and these spaces were visible as black areas in the micrograph (see 
especially Figure 3.2C). Thus, the presence of large fat droplets located along curd 
junctions served the function of creating serum channels in the cheese. In the cheeses 
with added butter there was less fat trapped within the protein matrix. For example in the 
4B cheese the curd before comminuting only contained ~1.5% fat with the other ~4.5% 
fat being added from butter added during comminuting.    
Meltability 
Melting of cheese by forced flow (0.33 N) is shown in Figure 3.3. At 15 d of 
storage, the 3B and 4.5B cheeses melted more than the NB and 1.5B cheeses as shown by 
the larger drop in cheese height during the melt test (Figure 3.3A). Cheeses with ≥ 50% 
of the fat added during comminuting, and with sufficient fat present between curd 
particles (i. e., 3B and 4.5B, as shown in Fig. 3.2), had better melt characteristics (Figure 
3.3). Melting of 3B and 4.5B cheeses was faster than the 1.5B and NB cheeses as shown 
in Figure 3A, and the time taken for the cheese height to drop by 50% was shorter (Figure 
3.3B). At 15 d, the 3B cheese had flowed sufficiently within ~0.8 s for its height to drop 
by 50% while the NB cheese required 3 s.  
63 
 
 
 
 
Figure 3.2. Laser scanning confocal micrographs for low-fat Mozzarella cheese made 
from repressed comminuted curd with (A) 0 , (B) 1.5 , (C) 3, and (D) 4.5 g/kg added 
butter after 2 wk storage. Green = protein, orange/yellow = fat 
 
Similarly, the extent of melting after 16 s, was greatest for the 3B and 4.5B 
cheeses (Figure 3.3C). For 15-d-old cheese, NB and 1.5B cheeses only had ~55% and 
~45% height reduction, respectively. Whereas, 3B and 4.5B cheeses had height 
reductions of  > 80%. On further storage for 30 d, there was increased flow for the 
control NB cheese and 1.5B cheese with height reduction of ~70%. While flow of the 3B 
and 4.5B cheeses melting remained unchanged.   
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Figure 3.3. Melting of low-fat Mozzarella cheese at 65°C under forced-flow conditions 
showing (A) change in cheese height during 16 s for cheese aged for 15 d, (B) time to 
achieve a 50% drop in cheese height for cheese stored for 15, 30, 60, and 120 d, and (C) 
total decrease in cheese height for 16 s as measured in a UW meltmeter. Cheeses (NB, 
1.5B, 3B, and 4.5B) were made with 0, 1.5, 3, and 4.5 g/kg butter added during 
comminuting, respectively. Error bars = SEM 
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Stretchability 
After baking on a pizza in the convection oven, the NB cheese had poor melt with 
the shreds of cheese still being evident and having a partially charred surface (Figure 
3.4). In contrast, the experimental cheeses (especially 3B and 4.5B) had improved 
performance, with the shreds softening and flowing to form a mass of melted cheese 
during baking (Figure 3.4). This resulted in increased length of stretch of the 3B and 4.5B 
cheeses (Table 3.2) when the pizza fork test was performed. The distance that cheese 
strands could be lifted from the pizza was observed to be increasing with increasing level 
of butter added during comminuting of the cheese curd. The fusion of these cheese shreds 
was related to the apparent retardation of dehydration of the cheese during baking. This 
improved melting (and stretch) of the experimental cheeses was comparable to spraying 
oil onto low-fat cheese prior to baking (Rudan and Barbano, 1998).  
 
Table 3.2. Mean stretch measured using the fork test after backing low-fat Mozzarella 
cheeses (NB, 1.5B, 3B, and 4.5B) on a pizza in convection oven 
 Cheese 
Storage time NB 1.5B 3B 4.5B 
(d) ---------------------------------------(cm)------------------------------------ 
15 6.3
c
 5.0
c
 36.7
a
 33.0
a
 
30 9.0
b
 9.3
b
 12.3
b
 16.0
b
 
60 7.0
c
 6.3
c
 10.3
b
 10.0
b
 
120 6.0
c
 6.7
c
 12.7
b
 37.3
a
 
abcMeans with common letters were not significantly different (α = 0.05) 
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Figure 3.4. Low-fat Mozzarella cheese baked on pizza crust at 250°C for 6 min. Cheeses 
were made with 0% butter, NB; 1.5% butter, 1.5B; 3% butter, 3B; and 4.5% butter, 4.5B 
added to comminuted curd during manufacture 
 
Free Oil 
Free oil content of the control and experimental cheeses and its correlation with 
amount of butter added is depicted in Figure 3.5. At each storage time, there was a linear 
correlation between added butter and free oil (R
2
 ≥ 0.92). The free oil was assumed to 
originate from the oil-serum channels observed in the microstructure of the comminuted 
cheeses (Figure 3.2). As the cheeses aged from 15 to 120 d, their free oil content 
decreased. This is opposite to what normally happens in Mozzarella cheese, with free oil 
increasing during storage (Cortez et al., 2008). A similar increase in free oil had been 
observed when low moisture Mozzarella cheese was blended with non-pasta filata cheese 
(Kiely et al., 1992). 
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Figure 3.5. Correlation of free oil content of low-fat Mozzarella cheeses with 0, 1.5, 3, or 
4.5 g/kg level of added butter (NB, 1.5B, 3B, and 4.5B, respectively) with storage time 
(R
2
 = 0.98 for 4.5 g/kg level over storage time) 
 
Discussion 
Texture 
Textural changes in the low-fat comminuted repressed cheese are, however, 
slightly different and can be explained as shown in Figure 3.6. Measured values of 
hardness, cohesiveness, and springiness are a function of how the cheese deforms and 
possible internal rearrangement of particles and slippage when the cheese undergoes 
compression (which in this study was 60% of the height of the cheese sample). In a 
higher fat cheese, the abundance of fat droplets provides points of matrix weakness 
allowing slippage during compression, allowing deformation of the cheese without  
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Figure 3.6. Comparison of cheese microstructure as affected by fat and comminuting 
during texture profile analysis. Full fat cheese (33% fat), protein network deformation 
and slippage around fat droplets (~10 µm). Low-fat non-comminuted cheese (6% fat), 
protein network deformation and slippage around comminuted cheese particles (shaded 
particles to explain the direction and pattern of slippage) 
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fracture occurring. These changes occur on a microstructural level and the cheese retains 
considerable cohesiveness (i.e., a second compression also requires about 60% of the 
work of the first compression). 
In a low-fat cheese that contains only 6% fat, there is less opportunity for slippage 
(because of less fat) and macrostructural fractures occur. The unfractured protein matrix 
network, however, retains elasticity and the cheese rebounds to a similar level as the 
higher fat cheese. This is measured as springiness, or the fraction of initial height of the 
cheese sample regained after compression. Both full fat and low-fat cheeses typically 
have a springiness of 80% of their original height when measured using 60% 
compression (data not shown).  
However, during a second compression the low-fat cheese is easily recompressed 
along the same fracture lines and a lower cohesiveness value is obtained. When low-fat 
cheese was comminuted and external fat (melted butter) added, there were no large 
fracture lines observed in the cheese. Apparently, there was slippage occurring between 
cheese particles as the cheese was compressed.  This resulted in the comminuted and 
repressed low-fat cheeses having similar springiness and cohesiveness measurements as 
their higher fat counterpart. 
All the low-fat Mozzarella cheeses made during this research felt similar in 
firmness when manually examined, and slightly softer than a typical low moisture part 
skimmed Mozzarella cheese. They did not have the hard rubbery texture that often occurs 
in low-fat cheeses (Awad et al 2005; Dong et al., 2009) and matched full fat Mozzarella 
cheese texture as reported by Bhaskaracharya and Shah (1999). This was attributed to the 
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high moisture (52% to 53%) content and reduced calcium levels obtained by using direct 
acidification (Breene et al., 1964; McMahon and Oberg, 2000). In this regard, the low-fat 
Mozzarella was similar to whole fat Mozzarella cheese that is also commonly made using 
direct acidification although without the addition of GDL during salting (Francolino et 
al., 2010). 
Hardness of Mozarella cheese has been reported to decrease with increase in 
moisture content (Bhaskaracharya and Shah, 1999). The increase in hardness during 
storage thus might result from a reduction in level of free water in the cheese, which 
increases cheese resistance to deformation as previously reported (McMahon et al., 1999; 
Beal and Mittal, 2000). According to Lawrence et al. (1987), cheese texture development 
is accomplished in 2 stages during ripening. Within the first 2 wk of storage, the cheese 
changes from having a rubbery texture to a smoother texture and a less curdy and more 
homogenous product. During this time, the casein network weakens as proteolysis occurs 
by residual coagulant in the cheese. Subsequently, there is a further gradual change in 
cheese texture as proteolysis continues as further proteolysis occurs under the combined 
influence of the coagulant and starter and non-starter bacterial enzymes and (Mendia et 
al., 2000; Martínez-Cuesta et al., 2001; Attaie, 2005). The change in cohesiveness 
measurements during storage of the comminuted cheeses comes about because 
compression of the cheese depends on how well the comminuted cheese particles knit 
together as well as deformation of the cheese protein network structure. It appears that 
adding butter during comminuting interferes with the ability of the curd particles to knit 
together.  
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Typically, lowering fat content in Mozzarella cheese causes an increase in 
hardness (Awad et al., 2005). The softer texture of our low-fat cheeses was attributed to 
(i) using direct acidification (McMahon and Oberg, 1998), (ii) comminuting the cheese, 
and (iii) adding a portion of the butter after curd manufacture. Such fat addition 
significantly (p<0.05) increased cohesiveness (Figure 3.1A) and decreased hardness 
(Figure 3.1B) compared to the control NB cheese. 
Microstructure 
From the microstructural appearance of the cheeses, it was 2-phase distribution of 
fat within the cheese that increased the availability of fat in the free form. The higher 
levels of fat both in quantity and fat droplet size in a free form occurred at the new grain 
boundaries created by the comminuting of the cheese. This enabled these low-fat cheeses 
with added butter to behave like a full fat cheese where portions of the fat droplets can be 
easily expressed from the cheese.  
In full fat cheese varieties, fat droplets can be damaged during cheesemaking and 
storage, breaking the milk fat globule membrane (MFGM) material that originally 
encases the fat droplets (Oberg et al., 1993; Lopez et al., 2006; McMahon et al., 2009). 
This may result in large pool of free oil within the cheese matrix that can be easily 
expressed from the cheese. When this occurs during heating of the cheese during baking 
on pizza crust the rate of water loss from the cheese via dehydration is reduced (Rudan 
and Barbano, 1998). However low-fat cheese lacks the required threshold amount of fat 
for such fat pooling to occur, resulting in little disruption of MFGM and fat droplets 
completely encased within the protein matrix.  
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The addition of butter to the cheese  during the later stages of cheesemaking after 
the curd has been formed, or after a cheese block has been pressed, simulates in low-fat 
cheese, the function of the pools of non MFGM-encased fat (or aggregates of fat 
globules) found in full fat cheese. This provides a source of fat in the cheese that is not 
protected by the MFGM and susceptible to oiling off or removal. 
Melting 
Cheeses made using direct acidification inherently melt well because of their 
reduced calcium content (McMahon et al., 2005) and this was further enhanced by the 
presence of fat that was not entrapped within the protein matrix.  As shown in Figures 
3.2C and 3.2D, there was a relatively large amount of fat present between the curd 
particles, and it appears that this fat acted as a lubricant when the cheese was heated 
allowing the 3B and 4.5B cheeses to rapidly flow at 65°C. In the 1.5B cheese, no large 
droplets of fat were evident (Figure 3.2B) and there was no apparent lubricating effect 
therefore it melted similarly to the control NB cheese.  
As the cheeses aged, the NB and 1.5B cheeses melted more rapidly and this was 
attributed to proteolysis as has been previously shown (Lucey et al., 2003). With such 
increased flowability of the protein matrix, the lubricating effect of the added butter was 
of less relevance to overall melting. After 60 d of storage all the cheeses had melted to 
the same extent (Figure 3.3C) which probably represented the instrumental limitations of 
measuring melt by the forced-flow method we used.  
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Stretchability 
The result of stretchability measurements were in agreement with the results 
obtained by Rudan and Barbano (1998) when they tested vegetable oil spray on non fat 
cheese shreds on pizza crust during baking. However, in this study, the hydrophobic 
coating was provided inside cheese and not applied externally. This could be described as 
the low-fat cheese containing veins of fat that can be released to the surface of the cheese 
during heating. The effect of this probable migration of fat from inside channels to the 
cheese surface came into play during pizza baking and resulted in the surface of the 
cheese shreds being covered in a film of oil as described in Figure 3.7. Increased level of 
added butter, particularly in 3B and 4.5B cheeses, matched the meltability of Mozzarella 
cheese containing ~20% fat (data not shown) whereas NB and 1.5B cheese did not melt 
well on pizza. 
Free Oil 
Comminuting method produced some free fat that was not encased within protein 
matrix as the curd particles were cut during comminuting and thus came out to be ~0.3% 
in control NB cheese (i.e. 5% of total fat was as free oil). For the cheeses made with 
added butter, we calculated that about 40% of the added fat was expressible. During 
storage this decreased to 25% after 60 d. In comparison, about 20% of the oil in low 
moisture part skim Mozzarella cheese is typically expressible as free oil (Kindstedt and 
Rippe, 1990). The percentage of free oil in Mozzarella cheese decreases as the fat content 
of the cheese decreases. So, having 5% of the oil expressible in a low-fat cheese would be 
expected.  
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Figure 3.7. Model of melting of cheese in a hot-air convection oven showing release and 
non-release of oil onto surface of (A) a typical pizza cheese containing ~20% fat, (B) a 
low-fat cheese containing 6% fat, made using conventional methods, and (C) a low-fat 
cheese in which a portion of the butterfat is located between comminuted cheese 
particles, containing 6% fat in total 
 
The decreased level of free oil in 3B and 4.5B cheeses during storage implies that 
the fat in comminuted and repressed cheese is becoming more entrapped in the cheese 
matrix as the cheese ages. During storage, there is progressive knitting together of the 
comminuted curd particles as shown by increase in cohesiveness between d 15 to d 30. 
Hence, more oil remains trapped within the cheese and amount of free oil decreased. 
Only those fat droplets that are in close proximity to the surface of the grated cheese 
particles are released into the water used during the free oil analysis. Or if there is an 
open channel between curd granules that allows movement of the fat to the surface. 
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It has been observed that about 1 g/100 g of cheese of oil needs to be expressed 
during baking of a pizza to prevent excessive dehydration, skin formation, and charring 
of the cheese (P. S. Kindstedt, University of Vermont, Burlington; personal 
communication). A low-fat Mozzarella cheese made from milk containing ~0.7% fat 
(e.g., cheese NB) does not reach this level of oil release during baking. Making cheese 
curd that has 1% to 3% fat and then adding in additional fat in an easily expressible form 
produces a cheese with sufficient oil release during baking to prevent dehydration.   
Conclusions 
In conclusion, addition of melted butter post-processing of low-fat Mozzarella 
cheese significantly reduced the quick dehydration of cheese during pizza baking. The 
availability of fat in free form showed increase in desirable melting and baking properties 
of pizza cheese. The 30 g/kg and 45 g/kg level of melted butter in low-fat Mozzarella 
cheese showed comparatively better meltability and stretchability along with the baking 
property. The butter level 1.5 g/kg did not increase meltability and stretchability to the 
significant level and remained similar to control cheese. Melting of the prolonged storage 
of direct acidified Mozzarella cheese for 120 d was same regardless of amount of butter 
added initially. With regard to the overall improvement of desirable baking properties, 3 
g/kg of butter added to low-fat cheese showed the best results. This research proved to be 
very cost favorable as no extra ingredients have been added and direct acidification 
technique allowed fast ripening of cheese.  
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CHAPTER 4 
CONSUMER ACCEPTABILITY TEST FOR PIZZA MADE WITH MODIFIED 
LOW-FAT MOZZARELLA CHEESE 
Abstract 
This study was done to investigate the consumer acceptance of a low-fat 
Mozzarella cheese (6% fat) with improved baking performance on pizza crust. Sample 
3B, the modified low-fat Mozzarella cheese described in Chapter 3 with noted 
improvement in the stretchability and meltability, and low-fat Mozzarella control NB 
cheese were tested along with commercially used pizza cheese for consumer acceptance 
study. This modified cheese 3B was made by addition of 3 g/kg melted butter to the curd 
containing 3% fat, totaling 6% fat in final cheese. The four pizza samples presented to 90 
consumer panelists were prepared by using 1) low-fat Mozzarella control (6% fat) or NB, 
2) low-fat Mozzarella made by adding melted butter (6% fat) or 3B, 3) low moisture part 
skimmed Mozzarella cheese (~20% fat) or LMPS, and 4) commercial whole milk 
Mozzarella cheese (~23% fat) or LMWM. The consumers participating in this study were 
recruited with the help of flyers, newspaper advertisement, and word-of-mouth. They 
evaluated these samples on overall liking, flavor, color, and texture using a 9-point 
hedonic scale. The modified low-fat Mozzarella cheese pizza was scored significantly 
higher (p < 0.05) on flavor, color and texture but the overall liking was not different, 
although it tended towards slightly higher score than the low-fat control. The other two 
cheeses (i.e. LMPS and LMWM) were significantly higher than NB and 3B cheeses. So 
even though, the 3B cheese melted better than the NB cheese, there were other factors 
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influencing consumer preferences.  
Introduction 
Mozzarella cheese variety accounts for 33% of total cheese consumption in the 
United States (USDA, 2006). Because of health issues and increasing obesity among the 
American population, some people limit their consumption of cheese due to its fat 
content. This can be a problem, because Mozzarella cheese is incorporated into a number 
of prepared foods. Development of lower fat Mozzarella cheeses has been suggested for 
many years (Tunick et al., 1993). Often, low-fat counterparts of cheese lack desirable 
texture, flavor, and baking performance (Mistry, 2001). Problems of inferior organoleptic 
and physical properties in these products suggest the use of fat replacers to provide the 
desirable qualities of traditional cheese (Emmons et al., 1980; Simard, 1991). 
Understanding the functionality of fat and replacing with protein-based or carbohydrate-
based fat replacers can improve the overall quality of low-fat cheese (McMahon et al., 
1996). In chapter 3, development of a low-fat Mozzarella cheese without altering the 
natural composition of cheese was achieved by adding melted butter to cheese curd with 
very low fat content so the final cheese still contained no more than 6% fat.  
Many investigations and studies have been conducted to improve the melting of 
low-fat Mozzarella cheese (Barz and Cremer, 1993; Rudan and Barbano, 1998) either by 
spraying vegetable oil on cheese shreds prior to baking on pizza, or providing a 
hydrophobic coating on to the surface of commercial cheese shreds.  Low-fat Mozzarella 
cheese dehydrates too quickly when baked using a forced air convection that prevents 
proper melting on a pizza because of the absence of sufficient fat to prevent moisture 
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loss. This then results in charring of cheese shreds and gives an unacceptable appearance  
with the cheese looking similar to cooked hash brown potato shreds (Fig. 4.1). To avoid 
this problem, the low-fat Mozzarella cheeses described in Chapter 3 were formulated in 
order to avail substantial amount of existing fat in free form during baking. 
There have been many studies done focusing on sensory evaluation of Mozzarella 
cheese but limited work has been done on low-fat Mozzarella cheese consumer 
acceptance and to our knowledge, no work has been done to evaluate this cheese 
performance on pizza crust and evaluated by the consumer panelists for its acceptability 
on pizza. Therefore, the objective of this study was to compare low-fat Mozzarella cheese 
control (NB) with modified low-fat Mozzarella cheese (3B) for consumer degree of 
liking and using commercially-manufactured Mozzarella cheeses with fat contents of 
20% and 23% as additional comparisons.  
 
 
   
Figure 4.1. Appearance of low-fat Mozzarella cheese (left) without added butter, (right) 
with added butter) after backing on a pizza.  
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Materials and methods 
Cheese Making 
Low-fat Mozzarella cheeses were prepared as described in Chapter 3. For this 
study, only NB and 3B cheeses were selected. The cheese blocks were stored at 3°C until 
used for sensory evaluation. 
Pizza Baking 
Cheese samples were shredded using an electric cheese shredder 114W capacity 
(Presto Professional Salad shooter, Model 02970). Shredded cheese (300 g) was placed 
on the pizza crust (30 cm diameter, Rich products Corp, Buffalo, NY) with 16 g of 
tomato sauce (Ragu pizza sauce, Unilever) that was spread on the crust before shredded 
cheese. An Impinger oven (Lincoln Foodservice Products Inc., Fort Wayne, IN) with 
forced air convection was used to bake pizza at 250°C for 6 min. Pizzas were prepared 
immediately prior to sensory evaluation and maintained at 70°C until presented to 
consumers. 
Sensory Evaluation 
A consumer test consisting of 90 participants was administered in the USU 
Sensory Facilities.  Four pizza samples were presented to the consumers in which the 
cheese on the pizza was NB, 3B, a low moisture part skim Mozzarella cheese containing 
20% fat (LMPS), and a commercial whole milk Mozzarella cheese containing ~23% fat 
(LMWM) (Leprino Foods, Denver, CO). After cooking, pizzas were then cut into 2” (5.0 
cm) slices and served while hot to the panelists.  Samples were presented in random order 
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with a three digit random number coding on a paper plate to minimize any bias. Each 
participant tasted and rated the samples based on the degree of liking on a typical 9-point 
hedonic scale (where 1 = dislike extremely, 2 = dislike very much, 3 = dislike 
moderately, 4 = dislike slightly, 5 = neither like nor dislike, 6 = like slightly, 7 = like 
moderately, 8 = like very much, and 9 = like extremely) in the following categories: 
overall, flavor, color, and texture. Sensory data were collected using SIMS 2000 
(Morristown, NJ) and analyzed using SAS 9.1.3 (SAS Institute, Inc., Cary, NC). Before 
sensory panel for tasting cheeses, approval was obtained from Utah State University 
Institutional Review Board. 
Results and discussion 
Consumer Preference Test 
Each pizza was evaluated for liking, including overall, flavor, color, and texture 
as shown in Figure 4.2.  They were also evaluated for their perceived fat content, 
informing the panelists that pizza cheese typically has a fat content range of 20% to 30%.  
Panelists were able to choose a percentage of fat for each sample, based on their 
perception of fat content. Of the panelists, 45 were males and 45 were females. The 
panelists were 18 to 65 years of age, with 60% being in the18 to 25 years age group and 
mainly college students, 20% were in the age group 26 to 35 years, and the rest were 
above 35 years old. More than 50% of the panelists were low-fat food buyers with 5% of 
them always buying low-fat food alternatives.  
As summarized in Figure 4.2, the average overall liking of experimental cheese 
3B (3% butter) was 6.08 which was “liked slightly” on categorical scale. It was a lower  
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Figure 4.2. Consumer evaluation of low-fat Mozzarella cheese control and experimental 
for overall liking, flavor, color, and texture liking on a 9-point hedonic scale (1 = dislike 
extremely; 5 = neither liked nor disliked; and 9 = liked extremely) 
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rating than the commercial cheese samples but slightly (not significantly) higher than the 
control cheese (p > 0.05). Apparently many of the participants just liked the pizza 
irrespective of the meltability and flavor profiling of the cheese. 
The flavor and texture ratings were significantly higher for experimental 3B 
cheese than the control NB cheese sample (p < 0.05). The rating for color for 
experimental cheese was slightly higher than the control cheese but not different than the 
control (p > 0.05). The unexpected similar liking for the NB and 3B was perhaps due to 
the excitement of free food among the panelists (many of who were students) and that it 
was in the form of pizza. The NB cheese had been made using direct acidification which 
also imparts some level of melting compared to low-fat mozzarella cheese made using 
cultures and without pre-acidification (McMahon and Oberg, 2000). The samples were 
served in the form of pizza which was the combination of pie crust, tomato sauce and 
cheese samples. Therefore, the liking for cheese samples was highly influenced by the 
manner in which it was presented.  
Conclusions 
The availability of fat in a free form and the enhanced melting and baking 
properties of pizza cheese 3B resulted in higher liking for flavor and texture than the 
control NB cheese. Overall liking of the commercially used pizza cheeses included in this 
study were significantly higher than the experimental low-fat Mozzarella cheese 3B. 
However, 43% of the panelists responded that if this cheese (3B) was available, they 
would buy it and we assumed this is because of its lower fat content and improved 
melting properties than the low-fat control NB cheese.   
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CHAPTER 5 
COLOR OF LOW-FAT CHEESE INFLUENCES FLAVOR PERCEPTION AND 
CONSUMER LIKING    
Abstract 
The present study examines the impact of color on low-fat cheese flavor 
acceptability and consumer preference. To determine the flavor preferences of the 
consumer population participating in the sensory testing, 4 brands of retail full fat 
Cheddar cheeses labeled as mild, medium, or sharp were obtained. These cheeses were 
evaluated by a trained descriptive panel to generate a flavor profile for each cheese and 
then by consumer sensory panels. Overall and color liking were measured using a 9-point 
hedonic scale, and flavor, chewiness, level of sharpness measured using a 5-point Just 
About Right (JAR) scale (with 1 being “not enough,” 3 being “just about right” and 5 
being “too much” of the attribute). Subsequently, 9 low-fat Cheddar cheeses were 
manufactured using 3 levels of annatto (0, 7.34, and 22 g/100 kg) and 3 levels of titanium 
dioxide (0, 7.67, and 40 g/100 kg) using a randomized block design in duplicate. Cheeses 
were then evaluated by descriptive and consumer sensory panels. Each consumer testing 
consisted of 120 panelists who were mainly 18 to 35 years of age (>90% of total 
populace) with > 60% being frequent cheese consumers.  The majority of the panelists 
initially stated a preference for medium sharp (42%) followed by sharp cheese (29%). 
However, after tasting the mild, medium and sharp cheeses, the consumer liking was 
greatest for the mild cheeses and lowest for the sharp cheeses. Using the JAR scale, the 
medium cheeses were closest to JAR with mean score of 3.0, compared to 2.4 for mild 
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cheese and 3.6 for sharp cheese. Among low-fat cheeses, color was shown to be 
important with consumer liking being negatively influenced when the cheese appearance 
was too translucent (especially when normal levels of annatto were used) or too white. 
Matching the level of titanium dioxide with the annatto level gave the highest liking 
scores and flavor perception closest to JAR. This study established a significant impact of 
color on overall liking of low-fat versions Cheddar cheese. 
Introduction 
The color of food is an often overlooked and unreported sensory attribute that can 
actually change consumers‟ flavor perception. In case of cheese, flavor is an important 
attribute that impacts consumer acceptance and marketing (Young et al., 2004; Yates and 
Drake, 2007). When likeable flavor notes are missing in low-fat cheeses, such as buttery, 
nutty, and milkfat/lactone flavors, the attention of consumers can be drawn to the cheese 
color and thus become a detriment to sales if the cheese color is outside the norm for 
cheese.  Removing fat from cheese is known to impart a translucent appearance (Merrill 
et al., 1994; Paulson et al., 1998) and an increased intensity of color when annatto is 
added (Sipahioglu, et al., 1999). However, there is little information about choosing the 
amount of colorant to use and impact of color of cheese on consumer preference and 
buying decisions.  
In general, coloring has been used in commercial food production to maintain the 
uniformity of products, and to enhance consumer appeal for the product. Some 
government agencies have color specifications for foods they purchase such as for 
shredded Cheddar cheese in the United States “if it is colored it needs to be medium 
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yellow-orange with a uniform bright color, and an attractive sheen” (USDA, 2001). 
Likewise, for mandatory price reporting of cheese sales by manufacturers, the color of 
40-lb blocks is required to be within the range of 6 to 8 on the National Cheese Institute 
color chart (USDA, 2011). Adding color to cheese helps maintain a uniform color 
irrespective of whether the animals producing the milk are fed green pasture or a total 
mixed ration of dried feedstuffs. In the United States, annatto extract is the permitted 
colorant for adding to cheese and is considered as being “exempt from certification” and 
is informally considered to be a natural color (FDA, 2011). It imparts a yellowish orange 
color from its carotenoid components, bixin and norbixin.   
It is important for food manufacturers to have the expected color in their food 
products because consumers associate certain colors with certain flavors. Color and 
appearance of food create expectations that affect what we feel and behave (Hutchings, 
2003) and influences food identification (Delwiche, 2004). Judgments created on the 
basis of color can influence buying decisions, and also carry over to cooking and eating 
decisions. Consequently, when food colors are different from the expected norm, flavor 
identification is decreased, the color–flavor association becomes stronger, and color has a 
greater impact on liking of the food (Roth et al., 1988). This occurs in simple foods and 
in complex foods in which there are multiple taste stimuli (Pangborn et al., 1963).  For 
example, when white wine is colored red, the tendency is to describe the wine using red 
wine odor terms instead of the white wine odor terms that are instinctively used in 
uncolored wine (Morrot et al., 2001). However, to our knowledge there has not been any 
similar testing on how cheese flavor is influenced by color. 
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Initial perception of foods occurs within the first 90 s of observation, and ~60% to 
90% of the assessment is based on color (Singh, 2006). Color of cheese can be used for 
differentiating products from competitors, but it is important to be aware that consumer 
attitude to your product can also be influenced by color (Singh, 2006). If cheese color is 
unacceptable, the other 2 important factors for consumer liking, flavor and texture of the 
cheese, are unlikely to be judged at all (Francis, 1995). This influence of color on food 
acceptability, choice, and preference comes more from learned associations than any 
inherent psychophysical characteristic (Clydesdale, 1993).  
The aim of this study was to determine how the translucent appearance (color) of 
low-fat Cheddar cheese affects consumer acceptability and if increasing cheese opacity 
alters flavor perception. Different levels of annatto and titanium dioxide colorants were 
used to make low-fat cheese. Some mild, medium and sharp full fat Cheddar cheeses 
were used to establish the flavor preferences of the pool of consumers who performed 
sensory evaluation of the low-fat cheeses.  
Materials and methods 
Full Fat Cheese 
Two different brands of full fat commercial Cheddar cheese (A = Kraft Foods 
Inc., Glenview, IL, B = Gossner Foods Inc, Logan, UT) labeled as mild, medium, and 
sharp were purchased from local grocery stores. We also selected mild (2 mo), medium 
(6 mo) and sharp (12 mo) cheeses from 2 Cheddar cheese types (C, D) manufactured by 
the Gary Haight Richardson Dairy Products Laboratory at Utah State University (USU). 
Cheese C was made with an adjunct Lactobacillus helveticus culture and is aged for 3 wk 
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at 6°C, then 10 wk at 10°C, then returned to 6°C for further storage, and develops a sweet 
umami flavor.  Cheese D was aged at 6°C and was made with an adjunct Lactococcus 
lactis culture that increases levels of 2/3-methyl butanal and 2-methyl propanal in cheese 
resulting in increased nutty flavor (Carunchia Whetstine et al., 2006). After purchase and 
sampling, all cheeses were stored at 4°C until analyzed to minimize further flavor 
development. 
Low-fat Cheese 
Nine batches of low-fat cheese with different color combinations (Table 5.1) were 
manufactured using a 3 x 3 randomized block design, with all 9 cheeses being made 
within 3 consecutive days, in each of 2 separate replicates. Fresh milk was obtained from 
the George B. Caine Dairy Research and Teaching Center (Wellsville, UT), then 
transported to the Gary H. Richardson Dairy Products Laboratory where the milk was 
standardized to a protein-fat ratio of 5.0 and pasteurized (72°C for 15 s) and brought to 
22°C. Milk was acidified to pH 6.2 using L-lactic acid (Nelson and Jameson, Marshfield, 
WI), diluted (1:16) and titanium dioxide emulsion (ROHA USA L.L.C, St. Louis, MO) 
added (0, 7.67, or 40 g/100 kg). The milk was warmed to 35°C, and then inoculated with 
0.02% L. lactis culture as frozen pellets (DVS850, Chr. Hansen Inc., Milwaukee, WI) 
with continuous stirring. After 20 min, single strength annatto (DSM Foods Specialty 
Inc., Parsipanny, NJ) was added at either 0, 7.34, or 22 g/100 kg. Then after a total of 30 -
min ripening, the milk was set using 7.5 g/100 kg double strength chymosin (~650 
International milk clotting units/ml) (ChyMax, Chr. Hansen Inc., Milwaukee, WI).  
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Table 5.1. Low-fat cheese code based on amount of annatto
1
 and titanium dioxide
2
 added 
to milk prior to renneting 
Annatto
1
 
Titanium dioxide
2
 
0 mg/kg 76.7 mg/kg 400 mg/kg 
0 mg/kg 1 2 3 
73.4 mg/kg 4 5 6 
220 mg/kg 7 8 9 
1
Single strength, DSM Specialities Inc. 
2
Titanium dioxide emulsion, ROHA USA L.L.C. 
 
After 20 min the curd was cut using 1.6-cm spaced wire knives, healed for 5 min, 
and then stirred for 40 min then half of the whey drained. Stirring continued until the 
curd reached pH 5.95 and then the remaining whey was drained. The curd particles were 
dry stirred until reaching pH 5.50 then washed using 4°C cold water (~ 50% (wt/wt) of 
curd) to lower curd temperature to 22°C. The curd was then weighed and salted using 22 
g/kg of curd applied in 3 applications, 5 min apart then filled into plastic hoops and 
pressed at 60 kPa for 18 h, vacuum packaged and stored at 3°C.      
Proximate Analysis  
Moisture content was determined in triplicate by weight loss using a microwave 
oven (CEM Corp., Indian trail, NC) at 100% power with an endpoint setting of <0.4 mg 
weight change over 2 s. Fat content was determined in duplicate using a modified 
Babcock method (Richardson, 1985). Salt was measured by homogenizing grated cheese 
with distilled water for 4 min at 260 rpm in a Stomacher 400 (Seward, England). The 
slurry was filtered through a Whatman #1 filter paper, and the filtrate was analyzed for 
sodium chloride using a chloride analyzer (model 926, Corning, Medfield, MA). The pH 
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was measured using a glass electrode after stomaching 20 g of grated cheese with 10 g of 
distilled water for 1 min at 260 rpm.  
Color Analysis 
Cheese color was measured using a Miniscan portable colorimeter (Hunter 
Associates Laboratory, Inc., Reston, VA). Color standardization was performed using 
white and black standard plates (Hunter Associates Laboratory, Inc.) inserted into a 
plastic bag (QME355 3.5 mil, Vilutis & Co., Inc., Frankfurt, IL) used for cheese 
packaging. Color measurements were made using CIE (1978) L*, a* and b* values using 
illuminant D65. The a* value is an indicator of green (-) and red (+) whereas b* is an 
indicator of blue (–) and yellow (+). Since combining a* and b* gives a better indication 
of color than their individual values, we calculated hue angle as the inverse tangent of the 
ratio b*/a* (Hunterlab, 2011).  
Flavor Analysis 
All sensory evaluation was conducted in compliance with the USU Institutional 
Review Board for human subject approval. For descriptive sensory analysis, cheeses 
were cut into 3.5 cm cubes then placed into soufflé cups (58 mL) covered with lids and 
numbered with randomly generated 3-digit codes. The cheeses were tempered at 12°C for 
1 h and were served at this temperature with deionized water and unsalted crackers for 
palate cleansing. A trained descriptive sensory panel (n = 9, 4 female, 5 male, ages 22 to 
50 yr), with >150 h of training in descriptive analysis of cheese flavor, evaluated the 
cheeses. Separate evaluations were performed under red light and white light using a 0- 
to 15-point universal intensity scale described by Meilgaard et al. (2007). Each cheese 
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sample was tasted twice by each panelist in each evaluation during the same day, with a 
30-min break between taste sessions. Evaluations were conducted individually using 
SIMS 2000 (Morristown, NJ, USA) in an enclosed room free from external aromas, 
noise, and distractions. Panelists were instructed to expectorate samples after evaluation 
and rinse their palate with water and unsalted crackers. 
Consumer Preference Testing 
A series of consumer panels were conducted with each panel consisting of ~120 
participants, 18 to 65 y of age who were recruited via website, newspaper advertisements, 
and flyers. The panelists were approved on the basis of legal age (18 and above) and 
absence of food allergies and, in general, included university faculty, staff, and students. 
Testing by the panelists was in individual booths with standard white lighting with 
panelists entering their responses using a SIMS 2000 software including space for open 
comments. Cheese blocks were cut into 2.5-cm
 
cubes and served to the panelists on a 
plate along with water.  
Cheeses were evaluated by the panelists for color and overall liking using a 9-
point hedonic scale (where 1 = dislike extremely, 2 = dislike very much, 3 = dislike 
moderately, 4 = dislike slightly, 5 = neither like nor dislike, 6 = like slightly, 7 = like 
moderately, 8 = like very much, and 9 = like extremely), and for cheese sharpness, flavor, 
and chewiness using a Just About Right (JAR) 5-point scale (where 1= not enough 
attribute; 2 = slightly less attribute, 3 = JAR; 4 = slightly more attribute and 5 = too much 
of the attribute). Space for comments was provided on the computerized evaluation 
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ballots. Each panelist was rewarded with a coupon for a free ice cream after their 
participation in each panel. 
Full-Fat Cheeses. With 12 cheeses to test, 2 panels were conducted with 6 
cheeses presented to each panel.  Panelists could attend one or both panels held on 
consecutive days. At the start of each panel, panelists completed a questionnaire 
regarding their demographics, cheese consumption, cheese flavor preference (mild, 
medium, sharp, extra sharp), frequency and intent of purchase for reduced and/or low-fat 
cheeses, and their willingness to pay more for low-fat cheeses.  
Low-fat Cheese.  Panel participants were informed they would be evaluating 
cheese but not that it was low fat, however they were asked questions about their 
consumption and, willingness to purchase low- or reduced fat cheese.  Each of 120 
panelists was presented with a plate containing 6 of the 9 low-fat cheeses, randomly 
organized so that each cheese was evaluated once by 80 participants.   
Statistical Analysis 
Mean scores for cheese consumer liking were analyzed using PROC GLM 
analysis of variance (ANOVA) based upon a randomized block design (SAS 9.2 version). 
Evaluation of consumer preferences and full fat cheeses was conducted once, with the 4 
different brands acting as pseudo-replicates. Descriptive analysis of cheese was analyzed 
using split plot design with PROC MIXED model of SAS. The 2 reps of low-fat cheese 
were considered as blocks (random factor) and judges were considered as whole plot 
(random factor), annatto and TiO2 were treated as split plot (fixed factor). Differences 
were considered significant when resultant p-values were < 0.05 (SAS, 1999). When the 
98 
 
 
ANOVA was significant, the Tukey-Kramer method was used to separate treatment 
means. 
Results 
Full Fat Cheese  
Cheese Composition. Mean moisture content of full fat cheeses ranged from 
36.3% to 39.5% (Table 5.2) with medium and sharp cheeses typically having lower 
moisture than mild cheeses. This was expected because long-hold cheeses are 
manufactured with less moisture to improve flavor development during aging, while 
short-hold cheeses are made with higher moisture to maximize yields. The one exception 
was cheese C that was manufactured at USU for sale as an aged cheese and sampled after 
2, 4 and 12 mo storage. Fat content (30.5% to 33.5%), salt (1.9% to 2.1%) and pH (5.0 to 
5.3) were all within the normal range for Cheddar cheese.  
Color.  The commercial cheeses had a pronounced opaqueness with a matt 
surface appearance that is typical of full fat Cheddar cheeses (Figure 5.1b). Color 
intensities of these cheeses varied and could be described as white, pale, and yellow-
orange. Among the full fat cheeses, cheese B and C had the most orange color as shown 
by having highest a* value (P < 0.05). Cheese A was more yellow in appearance (i.e., 
highest b* value) and lacked redness (i.e., low a* value). All of these were made with 
addition of annatto or other colorant. In contrast, cheese D was made without any color 
being added and was lowest in yellow color intensity (b* = 7 to 9), with a similar degree 
of redness as cheese A (mean a* value of 8.2 compared to 9.3 for cheese A).  
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Table 5.2. Mean composition and Hunter color (L*, a*, and b*) values of full fat 
Cheddar cheeses
1 
          Hunter Color 
Cheese
1
  Moisture Fat Salt pH L* a* b* Hue angle
2 
 -------------(%)--------------               (°) 
Mild                
A 39.2 32.5 1.9 5.1 69.6
b
 9.6
b
 28.7
a
 68.8
a
 
B 38.9 31.5 2.0 5.1 49.5
d
 12.4
a
 26.5
b
 63.1
a
 
C 36.8 32.0 1.9 5.3 55.3
c
 10.9
ab
 25.6
b
 68.8
a
 
D 39.5 30.5 2.1 5.2 75.6
a
 8.9
bc
 7.3
d
 40.1
b
 
Medium                
A 38.5 33.0 2.1 5.2 71.8
ab
 8.5
c
 29.7
a
 74.5
a
 
B 37.0 33.5 2.1 5.2 51.4
d
 13.7
a
 25.6
b
 63.1
a
 
C 36.5 31.0 1.9 5.2 57.8
c
 12.3
a
 24.3
bc
 63.1
a
 
D 37.3 31.0 2.1 5.2 72.4
a
 7.7
d
 9.2
d
 51.6
b
 
Sharp                
A 36.4 31.9 1.9 5.1 68.8
b
 9.7
b
 29.3
a
 74.5
a
 
B 37.0 32.8 2.1 5.0 51.2
d
 12.4
a
 24.9
bc
 63.1
ab
 
C 36.3 30.5 2.0 5.3 56.3
c
 11.3
ab
 22.3
c
 63.1
ab
 
D 36.6 32.5 2.1 5.1 70.9
ab
 8.3
c
 8.3
d
 45.9
c
 
1
Retail cheeses of (A) Kraft Foods, (B) Gossner Foods, and manufactured at USU as 
(C) Old Juniper and (D) White Pine. 
2
Calculated as arctan(b*/a*) 
a-d
Means in the same column with same superscript were not significantly different (α = 
0.05) 
 
As expected, L* values were highest (P < 0.05) for the uncolored cheese D (Table 
5.2). Hue angle values for cheeses A, B, C were not significantly different and ranged 
from 63° to 75° which is within the expected values of 40° to 90° transition from orange 
to yellow as shown in Figure 5.1a). Cheese D had a lower (P < 0.05) hue angle of 40° to 
52°. Although, when colors are close to neutral, small variations can cause large change 
in the calculated hue angle (Hunterlab, 2011). 
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Figure 5.1. (a) Color representation of hue angle (reprinted with permission from 
MacEvoy, 2009), and color comparison of (b) 4 commercial full fat Cheddar cheeses A, 
B, C and D (as described in Table 5.2), and (c) 9 low-fat cheeses 1 to 9 made using 
different levels of annatto and titanium dioxide (as described in Table 5.1). 
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Flavor. Sensory attributes for full fat cheeses that scored ≥0.5 (for at least one 
cheese) by the descriptive flavor panel are presented in Table 5.3. Cooked, oxidized, 
fruity, pineapple, fishy, and rosy flavor all scored <0.5. Attributes with the highest scores 
were salty (3.9 to 5.7), sour (1.9 to 4.7), lactone (1.1 to 2.2), and umami (0.7 to 2.9). 
Some flavor attributes, bitter, rancid, brothy, nutty, and umami all had trend for increased 
intensity with advancement of cheese age. However, other attributes including salty, sour, 
sweet, sulfur, whey, lactone and buttery did not follow any trend with cheese age. For 
cheeses A and B, this may be a result of how these manufacturers selected cheeses to be 
sold as mild, medium or sharp and we did not have any information on the aging or 
storage conditions for these cheeses. However, the ages of cheeses C and D were known 
and were aged for 2, 6, and 12 mo for mild, medium, and sharp, respectively. These 
cheeses showed a trend (P = 0.07) for increased bitterness with age (e.g., cheese C: mild 
= 0.22, medium = 0.97, and sharp = 1.06) probably because of various metabolites 
generated during proteolysis of the cheese during aging (Marsili, 1985).  
When the cheese flavor was analyzed using principal components (PC), all mild 
cheeses (A1, B1, C1, and D1) were grouped on the right hand side of the PC plot (Figure 
5.2). Such cheeses have been previously described (Drake et al., 2008) as having 
lactone/fatty acid flavor as the main flavor attribute for young/mild cheeses. Cheeses A 
and B were similar in flavor profile, while cheeses C and D were manufactured to have 
increased sweet-umami and nutty flavors, respectively. Such variability in flavor of 
Cheddar cheese (and its development during aging) is common among different 
manufacturers of Cheddar cheese (Drake et al., 2009). The 2 principal components shown 
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in Figure 5.2 accounted for 49% of this variability of flavor. Based on eigenvalue 
loadings (not shown), PC1 (29%) distinguished the medium (C2) and sharp (C3) cheeses 
by brothy and nutty flavors (loading positively), which is in accordance with Drake et al. 
(2009) for aged Cheddar cheese flavor profile. Cooked, fishy, pineapple, and rosy flavors 
also had positive eigenvalues for PC1 and are considered undesirable in aged full fat 
cheeses (Carunchia-Whestine et al., 2006), however, their attribute scores were all <0.5 
indicating they had minimal impact on cheese flavor differences..  For PC2 (20%) 
cheeses were differentiated by bitter, rancid, salty, sour and oxidized flavor attributes 
(loading positively). 
 
 
Figure 5.2. Principal components biplot of descriptive analysis of full fat Cheddar 
cheeses (A, B, C and D) in which 1, 2, 3 represent cheeses sold as mild, medium, or 
sharp.  
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Table 5.3. Sensory flavor attributes
1
 of full fat Cheddar cheeses
2
 designated by the manufacturer as being mild, medium (med) or 
sharp. 
Attribute 
Sensory Attributes
1 
Cheese A Cheese B Cheese C Cheese D  
Mild Med Sharp Mild Med Sharp Mild Med Sharp Mild Med Sharp 
P-
Value 
Bitter 0.47 0.81 0.81 1.06 1.00 1.06 0.22 0.97 1.06 0.33 1.00 1.00 0.07 
Brothy 0.61 1.97 1.25 0.94 1.56 1.00 1.39 1.69 1.58 1.94 1.78 1.89 0.11 
Lactone 2.14
a
 1.11
b
 1.64
ab
 2.06
ab
 1.22
ab
 2.17
a
 1.25
ab
 1.56
ab
 1.22
ab
 1.83
ab
 1.61
ab
 1.28
ab
 0.04 
Nutty 0.00
c
 0.31
bc
 0.14
bc
 0.11
bc
 0.22
bc
 0.67
abc
 0.33
bc
 0.83
ab
 0.81
ab
 0.11
bc
 0.72
abc
 1.11
a
 <0.01 
Pineapple 0.00 0.11 0.00 0.00 0.00 0.17 0.00 0.53 0.08 0.00 0.17 0.61 0.09 
Rancid 0.08
bc
 0.86
ab
 1.22
a
 0.06
bc
 0.17
bc
 0.72
abc
 0.03
bc
 0.75
abc
 0.75
abc
 0.00
c
 1.06
a
 0.72
abc
 <0.01 
Salty 3.89 4.97 5.03 4.39 4.78 5.67 4.17 4.72 4.56 4.11 4.17 4.78 0.13 
Sour 2.86
cde
 3.58
abc
 4.72
a
 3.22
bcde
 3.5
abc
 4.44
ab
 2.06
de
 2.83
cde
 2.69
cde
 1.89
e
 3.83
abc
 3.33
abcd
 0.00 
Sulfur 0.00 0.50 0.17 0.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.28 
Sweet 0.56 0.44 0.33 0.56 0.61 0.78 0.83 0.75 0.67 1.67 0.94 0.67 0.17 
Umami 0.78
c
 1.33
bc
 1.39
bc
 0.72
c
 1.17
bc
 2.78
a
 0.97
bc
 1.72
bc
 1.97
ab
 2.06
ab
 2.06
ab
 2.89
a
 <0.01 
Whey 0.56 0.22 0.17 0.00 0.00 0.00 0.44 0.28 0.22 0.17 0.00 0.00 0.64 
Buttery 0.75 0.69 0.56 1.11 1.11 0.83 1.03 0.75 0.39 1.17 0.33 0.61 0.16 
1
Attributes were scored using a 0- to 15-point universal intensity scale (Meilgaard et al., 2007) using an established cheese flavor 
language (Drake et al., 2001). Most cheese flavor attributes fall between 0 and 5 on this scale (Drake et al., 2008, 2009).  
2
Retail cheeses of (A) Kraft Foods, (B) Gossner Foods, and manufactured at USU as (C) Old Juniper and (D) White Pine. 
abcde
Means in the same row with same superscript were not significantly different (α = 0.05) 
1
0
3
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Consumer Preference. Demographics of consumers who participated in this 
study and their cheese consumption, preferences, and purchasing habits are shown in 
(Table 5.4). Most (95.7%) of the panelists in the study were 18 to 35 y old, and all were 
cheese eaters. When asked their cheese flavor preference, most stated a preference for 
sharp cheese with extra sharp cheese being least preferred (Figure 5.3). However, during 
actual taste testing, it was the mild cheeses of all brands (A, B, C, D) that received the 
highest liking scores of ~7.0 (Table 5.5). The sharp cheeses were rated lowest (P < 0.05). 
The population being sampled in our study obviously has different taste preferences for 
cheese compared to that sampled by Drake et al. (2009) who reported a strong correlation 
(r = 0.70) between overall liking and sharpness of Cheddar cheese. 
In our study, panelists demonstrated they understood the difference between a 
mild and sharp cheese because when asked to rate sharpness using the JAR scale, mild 
and medium cheese received mean scores of 1.5 and 2.4, respectively, and sharp cheese 
A, B, and C were considered just about right with scores of 2.8 to 2.9. Interestingly, sharp 
cheese D was perceived as lacking sharpness (JAR score = 2.5) even though it was the 
same age as sharp cheese C. However, there was a difference in how they were aged. 
Cheese C was made using an adjunct Lactobacillus helveticus culture and was subject to 
accelerated cheese ripening with 10-wk storage at 10°C, while cheese D was maintained 
continuously at 6°C.  
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Table 5.4. Demographic information and consumer characteristics of consumer panelists. 
Question % Response  
Gender  
Male 52.5 
Female 47.5 
Age (y)  
18 to 25 71.7 
26 to 35 19.2 
36 to 45 2.5 
46 to 55 3.3 
>56 3.3 
Cheese purchasing frequency:  
Never 0.0 
Less than once/month 1.7 
At least once a month 0.8 
At least once a week 33.3 
About once a day 52.5 
More than once a day 11.7 
How cheese is used:  
Snacking 80.8 
Sandwiches 91.7 
Pasta 65.0 
Pizza 91.7 
Hamburgers 70.8 
Salad 53.3 
Other 40.0 
Form of cheese purchased:  
Block 65.0 
Sliced 11.7 
Shredded 25.0 
Perceived fat content of cheese:  
0 to 10% 7.5 
11 to 20% 28.3 
21 to 30% 29.2 
31 to 40% 28.3 
41 to 50% 6.7 
Do you purchase reduced fat cheese?  
No    86.7 
Yes 13.3 
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Figure 5.3. Percentagewise distribution of stated consumer preference for mild, medium, 
sharp, and extra-sharp cheeses 
 
Unlike their initial stated cheese flavor preference, sharp cheeses were considered 
as having too much flavor with mean JAR-scores of 3.4 to 3.8, and the mild cheeses were 
considered to have too little flavor (JAR-scores of 2.3 to 2.6).  The cheeses that were 
considered closest to being just about right in flavor were the medium cheeses (JAR-
scores of 2.5 to 3.3). For overall liking (using the hedonic scale) the mean scores 
decreased with cheese sharpness level and for mild, medium and sharp cheeses were 
6.45, 6.22 and 5.45, respectively (Table 5.5). 
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Table 5.5. Mean consumer overall and color liking and Just-about-right (JAR) responses 
for cheese sharpness, flavor and chewiness for commercial full fat cheeses
1
 
 LIKING
2
   JAR
3
 
Cheese  Overall Color  Sharpness Flavor Chewiness 
Mild       
A 6.8
a
 7.3
a
  1.6
c
 2.3
d
 2.8
ab
 
B 6.1
b
 6.8
ab
  1.6
c
 2.4
d
 3.0
a
 
C 6.4
ab
 7.2
a
  1.5
c
 2.6
c
 2.9
a
 
D 6.5
ab
 7.1
a
  1.4
d
 2.3
d
 2.9
a
 
Medium       
A 6.1
b
 7.2
a
  1.8
c
 2.5
d
 2.7
bc
 
B 6.5
a
 6.5
ab
  2.3
b
 3.1
c
 2.9
ab
 
C 6.2
bc
 7.0
a
  2.3
b
 3.3
b
 2.8
ab
 
D 6.1
bc
 6.7
ab
  2.4
b
 3.2
b
 2.7
bc
 
Sharp       
A 5.9
bc
 7.4
a
  2.8
a
 3.8
a
 2.5
c
 
B 4.9
d
 6.1
b
  2.8
a
 3.4
b
 2.7
bc
 
C 5.4
c
 6.9
a
  2.9
a
 3.7
a
 2.9
a
 
D 5.6
c
 7.2
a
  2.5
b
 3.4
b
 2.7
bc
 
1
Cheeses described in Table 5.2. 
 2
Evaluated using 9-point hedonic scale where 9 = like extremely, 5 = neither like nor 
dislike, and 1 = dislike extremely.  
3
Evaluated using a 5-point Just about right (JAR) scale where 1 = not enough attribute, 3 
= just about right, and 5 = too much attribute. 
 
abcd
Means in the same column with the same letter were not significantly different (α = 
0.05).  
 
Panelists also preferred the less colored cheese with cheese B liked less (P < 0.05) 
than the other 3 cheeses. Cheese B had the lowest L* value and highest a* values and was 
probably closest to the USDA standard color for cheddar cheese. Chewiness of cheeses 
has been reported as an important attribute for cheese acceptability (Piggott and Mowat, 
1991) and all of the cheeses were considered close to being JAR for chewiness. 
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Low-fat Cheese 
Composition. Low-fat cheese composition is summarized in Table 5.6. These 
cheeses had 5% to 6% fat, 52% to 55% moisture, 1.8% to 1.9% salt, and pH 5.0 to 5.5. At 
this moisture level the low-fat cheeses have a similar initial firmness to full-fat cheeses, 
achieved by using pre-acidification of milk prior to renneting and eliminating cooking of 
the curd.  
Color. Orange color intensity of the low-fat cheeses increased with amount of 
annatto used as shown by an increase in both red (a*) and yellow (b*) (Table 5.6). 
Cheese made without any annatto (cheeses 1, 2 and 3) had similar low a* (-2.5 ± 0.2) 
indicating a slight green tinge, and b* values (7 ± 2) indicating a slight yellow color.  
Cheeses 7, 8 and 9 with the highest annatto had the highest a* and b* values (15 ± 0.5 
and 42 ± 7, respectively). Cheeses made using 7.34 ml/100 kg annatto (the level used at 
USU to manufacture Old Juniper Cheddar cheese) had intermediate a* and b* values (7.2 
± 0.3 and 33 ± 2 respectively). Interestingly, cheese 8 had the highest b* value of 48.7 
where annatto was combined with the intermediate level of titanium dioxide indicating a 
synergistic effect of increasing whiteness on enhancing the yellow appearance of low-fat 
cheese.  
Addition of titanium dioxide eliminated the translucent appearance characteristic 
of low-fat and nonfat cheeses (Paulson et al., 1998; Dave et al., 2001). The low-fat 
cheeses with no titanium dioxide added (cheeses 1, 4, and 7) all had low L* values (52 ± 
5) and among the others, cheese 3 had the highest L* = 84 (Table 5.6).  Cheeses 6 and 9 
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with the same level of titanium dioxide as cheese 3 were less noticeably white and their 
L* values decreased with increasing annatto (73.9 and 65.0, respectively).  
All of the low-fat cheeses made with annatto had similar hue angels (74 ± 5°), that 
was most similar to full fat cheese A (hue angle = 71° to 74°). This was the cheese that 
was the most orange in color and had the highest b* value. When considered on a visual 
basis (as shown in Figure 5.1c) the lack of opaqueness in cheeses 1, 4, and 7 was very 
apparent, and the annatto-colored cheeses appeared too orange in color and had a rubbery 
appearance. With the combination of annatto and titanium dioxide the low-fat cheeses 
appeared to be closer to what is expected for Cheddar cheese.  Although, with the highest 
usage level of titanium dioxide and mid-range usage of annatto (i.e, cheese 6), the cheese 
appeared pale and more similar to process cheese rather than a natural Cheddar cheese.  
 
Table 5.6. Mean composition and Hunter color (L*, a*, and b*) values of experimental 
low-fat cheeses 
          Hunter Color 
Cheese
1 
Moisture Fat Salt pH L* a* b* Hue angle
2 
 ----------------(%)--------------     (°) 
1 53.5 6.0 1.8 5.0 56.6
d
 -2.7 4.6
d
 -
3
 
2 54.0 6.0 1.8 5.1 71.0
b
 -2.43 7.8
d
 - 
3 52.2 5.2 1.8 5.5 83.9
a
 -2.5 8.9
d
 - 
4 54.0 5.5 1.8 5.3 52.1
d
 7.4
b
 31.9
bc
 76.9
a
 
5 53.5 6.0 1.8 5.3 74.2
b
 7.0
b
 34.7
b
 78.6
a
 
6 52.5 6.0 1.9 5.2 73.9
b
 7.5
b
 31.1
bc
 76.4
a
 
7 54.6 5.0 1.8 5.5 46.6
e
 14.6
a
 37.8
b
 68.9
a
 
8 52.5 6.5 1.8 5.1 67.3
c
 14.9
a
 48.7
a
 73.0
a
 
9 53.0 5.2 1.8 5.0 65.0
c
 15.4
a
 40.7
a
 69.3
a
 
1
Low-fat cheeses made with varying levels of annatto and titanium dioxide; 
2
Calculated as 
arctan(b*/a*)*180/∏; 3Not appropriate to calculate hue values for neutral colors (i.e., when 
sqrt(a*
2
 + b*
2
) ~ 5 or less (Hunterlab, 2011). 
abcd
Means in the same column with same letter were 
not significantly different (α = 0.05). 
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Flavor. Since the only difference in the low-fat cheeses was the addition of color 
they were expected to be similar in flavor. When evaluated by the descriptive panelists 
this was the case for all flavor attributes except bitterness (Table 5.7). The order of 
predominance of flavor attributes was salty (3.4 to 4.7), sour (1.9 to 2.9), brothy (1.8 to 
2.6), umami (1.4 to 1.8), lactone (1.0 to 1.7), bitter (0.4 to 1.9), buttery (0.2 to 0.8), burnt 
(0.1 to 0.8), nutty (0.3 to 0.6), and sweet (0.3 to 0.6). The lowest bitter attribute scores 
were for cheeses 3, 4 and 5 (bitter score = 0.4 to 0.8), and these were significantly 
different (P < 0.05) from cheeses 1, 2, 6, 7, and 9 (bitter score = 1.5 to 1.9). There was no 
apparent trend based on level of annatto or level of titanium dioxide. 
Bitterness in cheese can be caused by accumulation of proline-containing peptides 
released from the caseins. Degradation of these peptides requires the presence of proline-
specific peptidases such as post-proline dipeptidyl aminopeptidases (Guinee and 
Kilcawly, 2004). It has recently been observed that titanium dioxide under UV light 
illumination can catalyze peptide cleavage adjacent to proline residues (Jones et al., 
2007). This means that the presence/activity of titanium dioxide in cheese can cause 
cleavage of proline-containing peptides and consequently reduce the bitterness in cheese. 
Accordingly, we observed that the higher levels of titanium dioxide used for the low-fat 
cheese 3 resulted in significant decrease in bitter flavor scores (from 1.69 to 0.44) as 
shown in Table 5.7. However, when titanium dioxide combined with annatto, did not 
necessarily reduce the bitterness in the low-fat cheeses. 
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Table 5.7. Sensory flavor attributes for low-fat cheeses made using different levels of 
annatto and titanium dioxide colorants. 
Cheese
1
 
Flavor Attributes
2
 
Bitter Brothy Lactone Nutty Salty Sour Sweet Umami Buttery Burnt 
1 1.50
a
 2.56 1.34 0.56 4.09 2.72 0.25 1.72 0.59 0.59 
2 1.69
a
 2.16 1.69 0.59 4.41 2.94 0.25 1.81 0.47 0.75 
3 0.44
b
 2.19 1.22 0.31 3.59 2.00 0.34 1.38 0.75 0.09 
4 0.75
b
 1.84 1.13 0.31 3.63 2.16 0.59 1.44 0.78 0.22 
5 0.44
b
 2.03 1.06 0.44 3.44 1.91 0.59 1.41 0.59 0.16 
6 1.47
a
 2.25 1.59 0.28 4.31 2.75 0.25 1.38 0.72 0.59 
7 1.75
a
 2.31 1.59 0.59 4.53 2.97 0.5 1.59 0.44 0.47 
8 1.09
ab
 2.19 1.25 0.25 4.09 1.97 0.47 1.63 0.69 0.41 
9 1.94
a
 2.47 1.31 0.44 4.66 3.28 0.28 1.59 0.22 0.81 
P 0.026 0.943 0.984 0.995 0.96 0.141 0.911 0.987 0.903 0.143 
1
Cheeses as described in Table 5.1. 
 2
Evaluated using 15-point scale as described Meilgaard et al. (2007)  
abcd
Means in the same column with the same letter were not significantly different (α = 
0.05). 
 
Consumer Evaluation. Mean consumer scores for overall liking, color, sharpness, 
flavor, and chewiness are shown in Table 5.8. As the cheeses were evaluated under white 
light, it was apparent to the panelists that the cheeses had distinct differences in color (as 
shown in Fig. 5.1c). Cheese 7 that had a dark orange translucent appearance received the 
lowest (P < 0.05) overall liking score (4.3, i.e., slightly disliked).  It also was most 
disliked (4.2) for color. The other cheeses that had no titanium dioxide added (cheeses 1 
and 4) and therefore also had the translucent appearance typical of low-fat cheese, 
received the next lowest (P < 0.05) overall liking scores (5.9 and 5.6, respectively). There 
was a positive correlation (r
2
 = 0.40, P < 0.05) between overall liking and color liking 
(data not shown). 
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Cheese 5 (made using intermediate levels of both annatto and titanium dioxide) 
received the highest scores for both overall liking and color (7.0 and 7.2, respectively). 
Interestingly, this is a higher overall liking score than the 6.8 that was given to the full fat 
cheese with the highest overall liking score (cheese A mild) and only slightly lower than 
the highest color liking score (Table 5.5). Low-fat cheeses 2, 3, 8, and 9 also had high 
overall liking scores that were not significantly different from cheese 5. Similarly, 
cheeses 1, 3, 8, and 9 had high color liking scores (Table 5.8). 
When considering the low-fat cheeses using the JAR scale, cheeses made with the 
intermediate level of titanium dioxide (cheese 2, 5 and 8) were the closest to being JAR 
for flavor with scores of 3.1, 3.1, and 3.3, respectively (Table 5.8).  Cheeses 3 and 9 were 
scored as being slightly not enough flavor (2.1 and 2.3, respectively) although these were 
not significant from cheeses 2, 5, and 8 at α = 0.05. The cheese with the lowest JAR 
flavor score of 1.4 was cheese 7, which corresponds to having the lowest overall liking 
score.  
Interestingly, cheese 7 had a JAR sharpness score of 2.8 while all the other 
cheeses had lower scores. Most of the cheeses were considered JAR for chewiness 
(scores = 2.8 to 3.3) while cheese 7 and 8 were considered not chewy enough (scores = 
1.8 and 1.9, respectively).  Cheese 9 had the most chewiness (P < 0.05) with a JAR score 
of 3.5. 
 
 
 
113 
 
 
Table 5.8. Mean consumer overall and color liking and Just-about-right (JAR) responses 
for cheese sharpness, flavor and chewiness for low-fat cheeses
1
 with different color 
profiles. 
Cheese
1
  
Liking
2
  JAR
3
 
Overall  Color  Sharpness Flavor Chewiness 
1 5.9
c
 6.2
ab
  2.0
c
 1.8
c
 3.2
ab
 
2 6.7
a
 5.7
b
  2.5
b
 3.1
a
 3.2
ab
 
3 6.5
ab
 6.3
ab
  1.5
f
 2.1
ab
 2.8
cd
 
4 5.6
c
 5.5
b
  1.8
de
 1.9
c
 3.0
bc
 
5 7.0
a
 7.2
a
  1.4
f
 3.1
a
 3.3
ab
 
6 6.1
bc
 5.6
b
  2.3
b
 1.9
bc
 3.3
ab
 
7 4.3
d
 4.2
c
  2.8
a
 1.4
d
 1.8
e
 
8 6.7
a
 6.2
ab
  1.6
ef
 3.3
a
 1.9
de
 
9 6.6
ab
 7.0
a
  1.9
cd
 2.3
ab
 3.5
a
 
1
Cheeses described in Table 5.1. 
2
Evaluated using 9-point hedonic scale where 9 = like 
extremely, 5 = neither like nor dislike, and 1 = dislike extremely. 
3
Evaluated using a 5-
point Just about right (JAR) scale where 1 = not enough attribute, 3 = just about right, 
and 5 = too much attribute. 
abcdef
Means in the same column with the same letter were not 
significantly different (α = 0.05). 
 
Discussion 
Color of Cheese 
Flavor and texture are well known issues for low-fat cheeses (Drake and 
Swanson, 1995; Johnson et al., 2010) and consumers are unwilling to sacrifice the flavor 
or texture qualities of cheese for the sake of purchasing a cheese with reduced fat content 
(Childs and Drake, 2009). From our study it is apparent that the color of lower fat cheeses 
is also important and even impacts the consumer perception of flavor. Low-fat cheeses 
that were translucent (cheese 1, 4, and 7) were considered unappealing with the lowest 
JAR flavor scores (even though their flavors were essentially identical). 
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This translucency comes about because of the lack of light scattering centers in 
cheese when fat is removed and when the cheese chemistry is adjusted so that the cheese 
does not become too rubbery (Pastorino et al., 2002). Consumers have probably come to 
expect such translucency in cheeses with very low fat content (from their observations of 
what is available in the retail market) and just like with fluid milk the perception of fat 
level (from 0% to 4%) is inversely related to transparency (Phillips et al., 1995). When 
high levels of annatto are used in making low-fat cheese so as to impart the typical 
yellow-orange color the translucency of the cheese results in a dark orange color that 
makes the cheese appear very different from full fat cheese.  Such cheese are not liked by 
consumers as shown by cheese 7 receiving the lowest scores for JAR flavor as well as 
color and overall liking.  
In this study, it was apparent that consumers prefer some opaqueness of cheese no 
matter if the cheese is uncolored or colored with annatto. Cheeses 2 (no annatto), 5 and 8 
(intermediate and high annatto levels) were those considered to be closest to JAR for 
flavor with scores of 3.1, 3.1, and 3.3, respectively. This opacity was achieved by 
addition of titanium dioxide during cheesemaking, and for many years, titanium dioxide 
was used only in non-food applications such as in solar cells, as white pigment in paints 
and coating, in ceramics, and in electric devices (Diebold, 2003). Its use in the U.S. food 
industry has increased since it was approved in 1966 for food-contact applications and as 
a food coloring (21 CFR 73.575; Phillips and Barbano, 1997).  
The 3 low-fat cheeses that did not have any added annatto (cheeses 1, 2, and 3) 
were “slightly liked” to “moderately liked” with scores of 5.9, 6.7, and 6.5, respectively. 
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Even though cheese 1 had similar translucency as cheese 7, it was apparently not 
considered undesirable as shown by its color liking score of 6.2. Providing the desired 
opacity to the cheese (cheese 2) increased its overall liking (P < 0.05) and its flavor 
perception to being JAR (Table 5.8). As the extent of whiteness was further increased 
(cheese 3) the flavor perception tended to be lower and the cheese was considered as 
having “slightly not enough” flavor. We speculate this may be a result of cheese 2 and 3 
looking like feta and low moisture part skim Mozzarella cheese, respectively and their 
having mild and strong flavors, respectively. Some consumer panelists did comment that 
cheese 3 looked like Mozzarella cheese, and we observed that L*, a*, and b* values for 
cheese 2 and 3 were very similar to those of feta and low moisture part skim Mozzarella 
cheese (data not shown).  
 Does Sensory Perception Match Reality? 
The purpose of including full fat cheeses in the consumer testing was to test 
whether their responses to the pre-questionnaire on cheddar cheese flavor preference 
matched their responses after tasting the cheeses.  We used 4 different brands of cheese 
so as to give a generalized measurement of cheese flavor preference, and included mild, 
medium and sharp cheeses. Since cheeses C and D were manufactured at USU, their 
aging conditions and time were known, however, cheeses A and B were purchased based 
upon their label designation as a sample of what the consumers would encounter when 
buying cheese in the retail market. Based upon the trained panel evaluations, for the most 
part the cheeses were separated on the PC biplot. Irrespective of their brand, mild cheeses 
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were less flavorful and grouped together, while medium, and sharp cheeses were 
clustered as having similar flavor intensity.  
In the pre-questionnaire, on consumer‟s preference and liking for cheese flavor, 
the majority stated a preference (i.e., extremely preferred or very preferred) for medium 
(42% extremely preferred and 43% very preferred; totaling 85%) followed by sharp 
(29.4% extremely preferred and 24.4% very preferred, totaling 53.8%) and mild (19.7% 
extremely preferred and 26.9% very preferred, totaling 46.6%) cheeses (Figure 5.3). They 
considered extra sharp cheese as least preferred (>70% chose as least preferred). This is 
somewhat similar to the findings of Drake et al. (2009) showing an increase in liking as 
sharpness level increased, although obviously in the population we were testing, there 
was an aversion to cheeses considered to be strongly flavored (i.e., extra sharp cheese). 
However, when these consumers were presented with the actual cheeses, it was the mild 
cheeses that were actually the most liked (Table 5.5).  
The concept of cheese sharpness (in relation to cheese being mild, medium or 
sharp) was understood by the consumers. This dichotomy between their stated preference 
and actual liking could be explained if the terms mild, medium, and sharp are not 
considered neutral terms by the panelists.  Perhaps, they perceived a negative stigma 
attached to being a person who likes mild cheese and so there was a psychological 
imperative to choose a stronger flavored cheese as their preference. This highlights the 
importance of having anchors to verify preferences when conducting consumer-related 
research. Among the low-fat cheeses, the differences in color also influenced consumer 
perception of cheese sharpness.  As mentioned above, cheese 3 was perceived as being a 
117 
 
 
Mozzarella cheese and as such would be expected to have a mild flavor.  Accordingly 
(see Table 5.8), it was ranked as being low on sharpness (JAR score = 1.5) while cheese 2 
(which had similar appearance to feta cheese) was considered to be a sharper cheese 
(JAR score = 2.5).  Similarly, the dark color of cheese 7 also caused the panelists to 
misjudge its sharpness and it had a mean JAR score of 2.8 (Table 5.8) while the 
corresponding cheeses that had increased opacity (cheeses 8 and 9) were considered to 
have much lower sharpness (JAR scores of 1.6 and 1.9, respectively). 
The low-fat cheeses were mild in flavor as they had only been aged for 2 mo at 
the time of sensory testing, and based on informal evaluation lacked Cheddar cheese 
flavor and had increased brothy and burnt flavors. In comparison to the full fat cheeses 
whose flavor scores for umami and nutty increased with sharpness level (Table 5.5), the 
low-fat cheeses had scores that would place them in the mild to medium category. 
However, sharpness perception was different among the 9 cheeses. Cheese 7 was 
considered sharp presumably because of its dark color, while cheeses 3, 5 and 8 were 
considered the mildest presumably because of their whitish appearance. Clearly, 
consumer liking and perception of flavor of low-fat cheese is influenced by cheese color 
and so color of low-fat cheese should not be neglected when considering consumer 
acceptance.  
Conclusions 
The overall liking of low-fat cheeses is highly dependent on its color and 
appearance. We observed that using different levels and combinations of annatto and 
titanium dioxide in low-fat cheeses directly impacted consumer overall liking for these 
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cheese, and even influenced flavor and sharpness perception. Low-fat cheese colored 
with annatto (at levels similar to that used in full fat Cheddar cheese) has an atypical 
translucent dark orange color that is not well accepted by consumers and received the 
lowest overall liking score. Adding titanium dioxide increases cheese opacity so they 
look more like full-fat cheese. 
If too much titanium dioxide is added, the low-fat cheese becomes too white in 
appearance and consumer liking decreases. In our study, low-fat cheese made with 
intermediate level of both annatto and titanium dioxide scored the highest on overall 
liking with a score of 7.0 (on a 9-point hedonic scale), whereas cheese with the higher 
level of annatto and no titanium dioxide scored the lowest (overall liking = 4.3) because 
of its undesirably dark orange color and translucent appearance.  This difference in 
appearance also influenced flavor perception. Although the 2 cheeses had the same flavor 
attributes (as evaluated by a trained sensory descriptive panel), the intermediate cheese 
was rated as just-about-right for flavor (JAR score = 3.1) while the dark orange cheese 
was rated as having not enough flavor (JAR score = 1.4). Adding a low level of titanium 
dioxide in low-fat cheese made with either no annatto or high levels of annatto also 
resulted in high overall liking scores (6.7 for both) and JAR scores close to consumer 
expectations for flavor (3.1 and 3.3, respectively). 
An interesting observation of our study was that consumer statements about their 
cheese flavor preferences do not necessarily match their actual response after tasting the 
cheeses. The majority stated preference of our consumer panelist was for medium to 
sharp cheese, however, it was the mild full fat cheeses that received the highest overall 
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liking score (6.5) with medium and sharp cheeses receiving scores of 6.2 and 5.5, 
respectively. This study demonstrates that for the manufacture of low-fat cheeses that 
will have good consumer acceptability, having the right level and combination of 
colorants is important. 
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CHAPTER 6 
PRELIMINARY STUDY: DETERMINING THE FEASIBILITY OF ENRICHING 
LOW-FAT CHEDDAR CHEESE WITH FOUR DIFFERENT DIETARY FIBERS 
BY EVALUATING COMPOSITION, CONSUMER ACCEPTABILITY AND 
TEXTURE 
 
Abstract 
Dietary fiber intake of 20 to 35 g/d is recommended for lowering coronary heart 
disease, cancer, and other health benefits such as satiety and improved digestion. 
However, the average American daily intake is only 12 to 18 g/d. Fiber intake can be 
increased by enriching more foods and this study examines the feasibility of enriching 
low-fat Cheddar cheese (6% fat) with dietary fibers and their retention in cheese, and 
effect on cheese acceptability and texture. This study was conducted in three parts.  
Part 1. Low-fat Cheddar cheese (0.7% fat)  was made in 15.9 kg batches after 
separately enriched with 5% (wt/wt) of inulin, low methoxy pectin, polydextrose, or 
resistant starch, analyzed for total solids in whey for distribution of added fibers, and 
compared with low-fat cheese control whey. Inulin was 99% drained with whey and only 
1% remained in cheese portion, low methoxy pectin was distributed in 80:20 proportion 
where 80% was drained and only 20% retained in cheese, while both polydextrose and 
resistant starch were completely lost with whey. Although low methoxy pectin was 
retained in cheese more than other dietary fibers, but the cheese had noticeable brown 
color and muddy taste imparted by low methoxy pectin. Part 1 results indicated that this 
area needed further modification and exploration. 
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Part 2. Low-fat Cheddar cheese with 6% fat was made and stored for 15-d, then 
comminuted to 1.5-mm particle size using Urschel grinder. Inulin, low methoxy pectin, 
polydextrose, or resistant starch were mixed into 1.82-kg batches of comminuted cheese 
at 50 g/kg with or without addition of 50 g/kg of water, repressed individually in cheese 
molds, vacuum packaged and stored at 4°C. Samples were analyzed for composition and 
texture at 90-d. Texture, sensory flavor analysis, and chewiness were performed at 210-d 
with a full fat Cheddar cheese comparison. Chewiness was evaluated by counting the 
number of bites before swallowing cheese. No liquid expulsion from repressed cheese 
mixed with fiber exhibited 100% fiber retention in cheese. Cheese mixed with inulin or 
low methoxy pectin resulted in better knitting and uniform mixing of cheese particulates 
which was confirmed by increased cohesiveness from 0.48 to 0.65 for inulin with water 
and 0.50 for low methoxy pectin with water. Hardness for inulin and low methoxy pectin 
cheeses was lower (P < 0.05) than non-repressed control cheeses and chewiness was also 
significantly reduced.  Polydextrose and resistant starch cheese were poor in appearance 
and lacked smooth texture. Full fat cheese and comminuted cheeses required 12 bites 
before swallow whereas non-comminuted cheese control was reported 24 bites by trained 
panel.  
Part 3. With previous trials, inulin performed better than other 3 fibers. Therefore, 
it was selected for part 3 study. Inulin was incorporated in low-fat cheese milk in the 
form of double emulsion W1/O/W2, where W1 was 40% inulin solution at 100°C, mixed 
with melted butter (60°C) in 40:60 using 8% (wt/wt) polyglycerol polyricinoleate 
(PGPR) emulsifier to form W1/O emulsion, followed by mixing of W1/O to 2% WPI 
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solution (W2) in 20:80 proportion. This W1/O/W2 was then mixed to skim milk (0.17% 
fat) to obtain 0.7% fat in cheese milk. The cheese was then made using pre-acidification 
of milk. However, most of the emulsion was separated during cheesemaking and hence 
the procedure did not have reliability for retaining inulin in cheese. We speculated this 
was due to the crystallization of butterfat at lower temperature which triggered the 
creaming of emulsions on surface of cheesemilk.  
Introduction 
Prevalence of obesity in western countries was targeted the reduction of high fat 
diet consumption and an increase in the consumption of dietary fiber (Noronha et al., 
2007). Consumers do not successfully follow dietary recommendations to eat more 
dietary fibers and less fat. Further, the food environment has a significant impact on the 
choice by consumers to eat healthier foods, as both the availability and price of healthier 
food items may limit their ability to eat a healthier diet (Jetter and Cassady, 2006).  With 
starting point for inculcating better food habits, enriching more and more foods with 
dietary fibers can solve the problems of recommended intake of fibers. This can be 
accomplished by improving the composition of existing popular products as per the 
dietary guidelines. 
Cheese is enjoyed by virtually everyone, consumed in everything from pizza to 
cheeseburgers, salads and cheese snacks. According to the U.S. Department of 
Agriculture, the average American eats 13.6 kg of cheese a year. It is obvious that cheese 
is increasingly high in demand and therefore cannot be eliminated from American diet. 
Reducing fat (reduced fat or low-fat cheese), replacing fat with fat mimetics or replacers, 
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enriching cheese with nutrients are some of the alternatives in this direction (McMahon et 
al., 1996; Mistry et al., 1996; Ryhanen et al., 2001).  
A common problem in low-fat cheeses is that the texture becomes rubbery with 
minimal breakdown during chewing. This implies that a basic understanding of what 
regulates the rheological and fracture properties of cheese microstructure may shed some 
light on how texture can be improved. Another aspect of improving cheese is adding 
micronutrients or healthy additives to it. However, water soluble additives tend to be 
washed away with whey, such as soluble fiber (Lee and Brummel, 1990), further altering 
the composition of whey (problematic for whey industry) and resulting in less or no 
retention of that additive in cheese. This diverts mind towards easy use of insoluble fiber 
in cheese but this may considerably change coagulation time of milk which is an 
indispensable step in cheesemaking (Fagan et al., 2006).  
To make cheese a source of fiber, measures have to be taken to not only add fiber 
to milk but also get maximum retention in cheese. The methodology of adding fiber 
particles during curd pressing is one procedure but then curd particles should simulate 
fiber particles in size to ensure uniformity and proper mixing. For example, Colby cheese 
is manufactured by mixing yellow and white curds allowing the curd particles to knit 
together. However, these curd particles are bigger and the color variation is obvious and 
also desirable. This objective generates use of Urschel grinder for comminuting cheese 
curd prior to adding fiber. For label requirements of cheese, it must contain 2.8 g fiber 
per 28 g of serving size, which is 10% fiber on weight basis. This allows the 
manufacturer to put “good source” of fiber on cheese (21CFR101.54). Beginning with 
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10% fiber addition can be a challenge since it may abuse the overall texture of cheese. 
Hence preliminary study should be conducted beginning with 5% fiber or less.  
Therefore, the aim of this study is to investigate the feasibilities of enriching low-
fat Cheddar cheese with dietary fiber by applying 3 strategies: 
 1) adding 0.5% fiber (for 5% target in cheese curd) to low-fat cheese milk and determine 
the distribution patterns of each fiber in whey and cheese,  
2) incorporating 5% (wt/wt) each of four different dietary fibers (inulin, low methoxy 
pectin, polydextrose, or resistant starch) in comminuted low-fat cheese and comparing 
the texture (instrumental and sensory panel), and flavor profile (descriptive panel), and  
3) using double emulsion (W1/O/W2) to incorporate inulin in skim milk and using the 
mixture for cheesemaking.  
Materials and methods 
Fibers 
 Dietary fibers used in this study were inulin, low methoxy pectin, polydextrose, 
and resistant starch. This study also aimed at comparing their efficacy in improving the 
texture of low-fat cheese. This would help in selecting the right fiber for further study. 
Inulin was purchased as fructo-oligosaccharide (Sensus, Roosendaal, The Netherlands), 
low methoxy pectin was received as pretested low methoxy 35 powder (TIC Gums, 
Belcamp, MD), polydextrose with brand Litesse (Danisco, Palo Alto, CA), and resistant 
starch as HI-Maize (National Starch, Bridgewater, NJ). 
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Figure 6.1. Chemical structure of dietary fibers (A) Inulin, (B) Low methoxy pectin, (C) 
Polydextrose, and (D) Resistant Starch  
(Image source: http://en.wikipedia.org/wiki/inulin; http://sci-
toys.com/ingredients/lowmethoxy pectin.html; www. 
medicinescomplete.com/polydextrose; Annison and Topping, 1994)  
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Cheesemaking 
For part 1 and part 2 of the experiments, fresh milk was obtained from the George 
B. Caine Dairy Research and Teaching Center (Wellsville, UT), then transported to the 
Gary H. Richardson Dairy Products Laboratory where the milk was standardized to 
casein-fat ratio of 5.0. For part 3, skim milk (Western Family Foods Inc., Portland, OR) 
was purchased from local super market. Prior to warming milk, L-lactic acid (Nelson and 
Jameson, Marshfield, WI) was diluted (1:16) and added to milk at 22 °C, to reach a pH of 
6.2. Milk was then stirred well, heated to 35°C. For part 1, each batch was added with 5% 
fiber type which was calculated on final cheese curd weight basis, for part 2, low-fat 
cheese milk was not added with any fiber. Milk was then inoculated with 0.02% 
lyophilized L. lactis culture (DVS 850, Chr. Hansen Inc., Milwaukee, WI) with 
continuous stirring. After 20 min, annatto (7.34 g/100 kg) color (DSM Foods Speciality 
Inc., Parsipanny, NJ) was added and the mixture was stirred thoroughly.  Double-strength 
chymosin (ChyMax, Chr. Hansen Inc., Milwaukee, WI) was diluted 20-fold with 
chlorine-free cold water, added to milk, stirred for 2 min and let stand for 20 min.  
Curd was cut when firm with 1.6-cm wire knives, healed for 5 min, and gently 
stirred to avoid fusion of freshly cut curd cubes and to facilitate whey. The curd particles 
were cooked with constant stirring for 40 min and then half of the whey was drained. 
Curd particles were then stirred and allowed for wet acid development to reach pH 5.95. 
The remaining whey was drained and dry curd particles were continued to produce more 
acid and reach to pH 5.50. The curd was then washed with cold water (4°C) @ 500 g 
water/ kg curd to lower the curd temperature to 22°C. The curd was then weighed and 
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salted @2.0% of curd weight and applied in 3 applications, 5 min apart. The curd 
particles were hooped, and pressed at 45 psi in vertical press for 4 hr. The cheese blocks 
so formed were vacuum sealed and stored at 3°C for 2 wk. For part 3, emulsions were 
made which were described later in this chapter, added to skim milk (0.17% fat) to obtain 
0.7% fat in cheese milk. Then the cheeses were made using the procedure explained 
above. The cheese curd was pressed using stainless steel square hoops for 18 hr followed 
by vacuum packaging. 
Comminuting. For part 2, stored cheese blocks as described above, were 
comminuted to 1.5 mm particles by using Urschel grinder leaving behind a block of 1.82 
kg as unground control. The comminuted cheese was divided in 9 equal portions of 1.82 
kg, admixed with fiber as follows: 1) 0.91 kg inulin, 2) 0.91 kg inulin and 0.91 kg 
deionized water, 3) 0.91 kg low methoxy pectin, 4) 0.91 kg low methoxy pectin and 0.91 
kg deionized water, 5) 0.91 kg polydextrose, 6) 0.91 kg polydextrose and 0.91 kg 
deionized water, 7) 0.91 kg resistant starch, 8) 0.91 kg resistant starch and 0.91 kg 
deionized water, 9) ground control (No fiber and water added). The mixture was properly 
mixed using kitchen aid mixer, molded in cheese molds lined with cheese cloth, and then 
pressed using vertical cheese press at 50 psi for 18 h. Cheeses were taken out from molds 
and vacuum sealed for further storage at 3°C.  
Emulsion Preparation. W1/O/W2 emulsions were prepared using 2-stage 
emulsification with some modification from Surh et al. (2007). First, a 40% (wt/wt) 
inulin solution was prepared in double distilled water at boiling temperature. Inulin 
powder was added gradually to hot water (100°C) with constant stirring using magnetic 
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stirrer until clear solution was obtained. A 5% NaCl was also added to the mixture to 
facilitate quick and uniform mixing. Next, 8 wt % of polyglycerol polyricinoleate 
(PGPR) obtained from Palsgaard Industri de Mexico (St. Louis, MO) was mixed with 
melted butter (60°C) to be used as oil phase for the primary emulsion (W1/O). Then 40 
parts of 40% inulin solution was mixed with 60 parts of oil-emulsifier blend using 
magnetic stirrer. The inulin solution was slowly added to the oil phase while it was hot 
since the solution tended to crystallize and become viscous. This primary emulsion was 
then mixed with 2% (wt/wt) of WPI slurry using magnetic stirrer in 20:80 proportion to 
achieve secondary emulsion (W1/O/W2). The emulsion mix was then homogenized using 
high speed blender (Omni General Laboratory Homogenizer, Omni International, 
Kennesaw, GA) operated at 5000 rpm for 1 min. The high speed homogenization and 
micro-fluidization was avoided to prevent the breaking of double emulsions.  
Optical Microscopy. The emulsions were imaged using optical microscope to 
ensure that the inulin gel was enclosed in oil droplets. The emulsions were taken in a 
glass tube, gently stirred to normalize the mix. Then a drop was placed on a microscope 
slide and covered with a cover slip. Instantly, the slide was observed under the 
conventional optical microscope (Nikon microscope eclipse E400, Nikon Corp., Japan) 
equipped with a CCD camera (CCD-300-RC, DAGE-MTI, Michigan City, IN). More 
than 3 images were captured for each sample and a representative image for each trial is 
presented. Several trials were performed to compare the effect of homogenization 
pressure ranging from 0 to 2000 psi, on maintaining the w1/o/w2 emulsion in double 
emulsion. This means that multiple droplets within a droplet. These samples were also 
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imaged using optical microscope and the representative images can be seen in Appendix 
C (Figure C1).    
Proximate Composition 
Moisture content was determined in triplicate by weight loss using a microwave 
oven (CEM Corp., Indian trail, NC) at 100% power with an endpoint setting of <0.4 mg 
weight change over 2 s. Fat content was determined in duplicate using a modified 
Babcock method (Richardson, 1985). Salt was measured by homogenizing grated cheese 
with distilled water for 4 min at 260 rpm in a Stomacher 400 (Seward, England). The 
slurry was filtered through a Whatman #1 filter paper, and the filtrate was analyzed for 
sodium chloride using a chloride analyzer (model 926, Corning, Medfield, MA). The pH 
was measured using a glass electrode after stomaching 20 g of grated cheese with 10 g of 
distilled water for 1 min at 260 rpm.  
Texture Analysis 
Texture profile analysis (TPA) of the cheese was performed (in triplicate) after 
90-d and 210-d of storage using a texture analyzer TA.XT plus (Stable Micro Systems, 
Godalming, Surrey, UK) equipped with 2-kg load cell. The cheese textural parameters 
evaluated were hardness, adhesiveness, cohesiveness, gumminess, springiness and were 
calculated as described by Bourne (1968). The cheese samples were cut into cylindrical 
specimens (10 mm diameter x 20 mm) using a cork borer. The samples were tempered 
for 1 h at room temperature (22°C) before analysis. A 2-bite compression test was 
conducted with 60% compression.  
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Descriptive Sensory Evaluation 
Sensory evaluation was conducted in compliance with the USU Institutional 
Review Board for human subject approval. Cheddar cheeses enriched with dietary fibers 
were cut into 3.5 cm cubes for descriptive sensory analysis for texture and flavor at 
separate session. The cheeses were placed into soufflé cups (58 mL) covered with lids 
and numbered with randomly generated 3-digit codes. The cheeses were tempered at 
12°C for 1 h and were served at this temperature with deionized water and unsalted 
crackers for palate cleansing. The evaluation was done using a 0- to 15-point category 
intensity scale as described by Meilgaard et al. (2007). Each cheese sample was evaluated 
two times in same day provided with 30 min break between two taste sessions. A trained 
descriptive sensory panel (n = 13, 4 female, 9 male, ages 22 to 50 y), with >150 h of 
training in descriptive analysis of cheese flavor,  and a quick and specific training for 
evaluation of texture by counting the number of chews before swallowing, evaluated the 
cheeses. Evaluations were conducted individually using SIMS 2000 (Morristown, NJ) in 
an enclosed room free from external aromas, noise, and distractions. Panelists were 
instructed to expectorate samples after evaluation. 
For texture evaluation using chew-down method, the panelists were given short 
term training specifically for chew down method. Panelists were asked to put the cheese 
in mouth and count the number of chews before swallowing the cheese. 
Statistical Analysis 
For part 1 and 3, mean composition for cheese and whey were calculated. In part 
2, three separate batches of cheese were manufactured in a randomized block design. 
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PROC GLM of SAS (SAS Institute, Cary, NC) was used to determine the analysis of 
variance (ANOVA). Treatment means were considered significantly different at P < 0.05. 
When significant differences were indicated by ANOVA, Tukey pair-wise comparisons 
were performed.  
Results and discussion 
Part 1 
 The total solids lost with cheese whey in all treatments (control, inulin, low 
methoxy low methoxy pectin, polydextrose, and resistant starch) are summarized in 
Table 6.1 below. The total solids in low-fat control cheese whey were subtracted from the 
numbers obtained for other treatments. The difference was considered as percent fiber 
lost in the whey. 
As shown in Table 6.1, there is no or negligible retention of dietary fiber in 
cheese made with fiber added milk except low methoxy pectin. Apparently, adding fiber 
to milk was not favorable for all three fibers i.e. inulin, pectin, and resistant starch. 
Although resistant starch was insoluble in milk and our assumption was high retention of 
resistant starch in cheese, but it precipitated out in whey as well. Moreover, low methoxy 
pectin imparted strong woody taste and undesirable brown color to the cheese. The 
interaction of milk calcium with low methoxy pectin formed three dimensional gel-  
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Table 6.1. Comparison of cheese whey solids for possible losses of added dietary fibers 
from milk to cheese 
Cheese whey %Total solids %Fiber loss* %Fiber in cheese** 
Low-fat control 6.74 0.00 0.00 
Inulin 7.73 99.00 0.05 
Low methoxy pectin 7.54 80.00 1.00 
Polydextrose 7.74 100.00 0.00 
Resistant starch 7.74 100.00 0.00 
*Calculated as total solids in (fiber added whey – low fat control)*100 
**Calculated as [(100 - %fiber loss)*5%]/100 
-network (Merino et al., 2004) which helped its high retention in cheese as compared to 
other fibers evaluated.   
 
Part 2 
Cheese Composition.  The cheeses were made using pre-acidification with lactic 
acid with a purpose of increased moisture content. Protein content therefore decreased 
concomitantly with increasing moisture levels (Table 6.2). In accordance with the 
experimental design, the moisture content of the 4 cheeses containing different fibers 
were in the range of 48.8 to 51.8% where only fiber was added, and 51.2 to 52.2% for 
cheeses in which additional water was added during fiber mixing (Table 6.2). All cheeses 
were very low in fat content (< 6% fat) which was in compliance with the stated limit of 
fat for low-fat cheese (21CFR133). There was no whey expulsion experienced after 
pressing of comminuted cheeses, which ensured 100% fiber retention in final product. 
However, final composition of cheese was also considered to calculate total fiber content 
as carbohydrate as shown in Table 6.2.  
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Table 6.2. Mean moisture, ash, fat, protein, salt, and fiber content of low-fat cheese 
enriched with dietary fibers with or without 5% water 
Sample Moisture Ash Fat Protein Salt Fiber
2
 
Unground control 50.9
ab
 4.5
bc
 5.5 38.4
a
 1.7 0.6
e
 
Ground control 51.8
a
 4.3
c
 5.5 38.3
a
 1.7 0.1
f
 
Inulin 48.8
c
 4.9
b
 4.5 37.3
a
 1.6 4.5
b
 
Inulin + water 51.6
a
 4.1
d
 5.0 35.5
b
 1.8 3.8
cd
 
LM pectin
1
 48.9
c
 4.6
bc
 5.5 35.4
b
 1.8 5.6
a
 
LM pectin + water 51.2
a
 4.7
bc
 5.5 34.4
bc
 1.8 4.1
bc
 
Polydex 49.0
bc
 3.8
e
 5.5 38.0
a
 1.8 3.7
cd
 
Polydex + water 51.8
a
 4.3
c
 5.5 34.7
bc
 1.7 3.6
d
 
RS 50.3
ab
 3.8
e
 5.5 36.7
b
 1.7 3.7
cd
 
RS + water 52.2
a
 7.2
a
 5.5 31.3
d
 1.8 3.9
c
 
1
LM pectin = low methoxy pectin 
2
Fiber % = 100% - (moisture+ash+fat+protein)% 
abcdef
Mean in same column with different superscript are different 
Texture Profile Analysis. For low-fat cheese enriched with various dietary fibers, 
texture profile analysis was mainly focused on three parameters namely hardness, 
chewiness, and cohesiveness. Data were collected at 3 and 7 mo of storage which 
coincided with mild and medium level of aging, respectively. Hardness and chewiness 
were selected as foci since these parameters have been associated with low-fat cheeses 
textural problems. They have been reportedly increased when fat is lowered or eliminated 
in cheese. Protein in cheese then has dominance in structure function of cheese texture 
resulting in undesired very hard and chewy attributes (Gwartney et al., 2002). Addition of 
dietary fibers was speculated to maintain discontinuity of protein matrix and to mimic the 
role of fat in maintaining velvety and smooth texture of cheese. At 3 mo of storage at 
4°C, hardness exhibited by low-fat cheeses was varied. Textural properties specifically 
hardness, cohesiveness, and chewiness of enriched low-fat cheese evaluated at 90 and 
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210 days of storage are summarized in Figures 6.2-6.7. At 90-d, hardness for inulin (46  
2 N) and low methoxy pectin (55  3 N) cheeses were significantly lower (Figure 6.2) 
than the unground control cheese (80  2 N) and chewiness was also significantly 
reduced from 44 N to 12 N (Figure 6.3). When added with water, cheese mixed with 
inulin or low methoxy pectin resulted in better knitting and uniform mixing of cheese 
particulates which was confirmed by increased cohesiveness from 48 to 65% for inulin 
with water and 50% for low methoxy pectin with water (Figure 6.4).  
 
 
 
Figure 6.2. Hardness of low-fat cheese enriched with 4 fibers at 90 d of storage (RS = 
resistant starch).     
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Figure 6.3. Chewiness of low-fat cheese enriched with 4 fibers at 90 d of storage (RS = 
resistant starch).  
 
 
 
Figure 6.4. Cohesiveness of low-fat cheese enriched with 4 fibers at 90 d of storage (RS 
= resistant starch).  
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Figure 6.5. Hardness of low-fat cheese enriched with 4 fibers at 210 d of storage (RS = 
resistant starch).  
 
 
 
 
 
Figure 6.6. Chewiness of low-fat cheese enriched with 4 fibers at 210 d of storage (RS = 
resistant starch).  
 
 
a 
d 
b 
d 
bc 
b 
bc 
a 
e 
de 
0 
10 
20 
30 
40 
50 
U
n
g
ro
u
n
d
 
c
o
n
tr
o
l 
G
ro
u
n
d
 c
o
n
tr
o
l 
In
u
lin
 
In
u
lin
 +
 w
a
te
r 
P
e
c
ti
n
 
P
e
c
ti
n
 +
 w
a
te
r 
P
o
ly
d
e
x
tr
o
s
e
 
P
o
l 
+
 w
a
te
r 
R
S
 
R
S
 +
 w
a
te
r 
H
a
rd
n
e
s
s
 (
N
) 
a a 
de 
c 
d 
c 
bc bc 
b 
b 
0 
10 
20 
30 
40 
50 
U
n
g
ro
u
n
d
 c
o
n
tr
o
l 
G
ro
u
n
d
 c
o
n
tr
o
l 
In
u
lin
 
In
u
lin
 +
 w
a
te
r 
P
e
c
ti
n
 
P
e
c
ti
n
 +
 w
a
te
r 
P
o
ly
d
e
x
tr
o
s
e
 
P
o
l 
+
 w
a
te
r 
R
S
 
R
S
 +
 w
a
te
r 
C
h
e
w
in
e
s
s
 (
N
) 
141 
 
 
 
Figure 6.7. Cohesiveness of low-fat cheese enriched with 4 fibers at 210 d of storage (RS 
= resistant starch).  
 
Descriptive Analysis. All cheeses were evaluated by 13 panelists for flavor and 
chew down method for texture evaluation. These panelists were fully trained (>150 h) for 
flavor assessment but were given short term training specifically for chew down method. 
As mentioned earlier, the panelists were asked to put cheese in mouth and start counting 
number of chews before swallowing the cheese. Results obtained for both flavor and 
texture are summarized below. 
Flavor assessment was also done by the same group of panelists using a 15 point 
scale. The results were averaged for each attribute and summarized in Table 6.3 below: 
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Table 6.3. Sensory flavor attributes of fiber enriched cheeses flavor comparing with commercial medium aged full fat cheese 
Attribute Fullfat Unground 
Control 
Ground 
Control 
Inulin Inulin 
+water 
Pectin Pectin 
+water 
Polydextrose Polydextrose 
+water 
Resistant 
starch 
Resistant 
starch+water 
Bitter 0.8 1.1 0.5 0.7 1.0 0.4 0.8 0.7 0.7 0.7 0.3 
Brothy 0.9 0.7 1.2 0.8 1.1 1.1 1.0 1.2 1.2 1.1 1.3 
Buttery 2.0a 0.3b 0.5b 0.6b 0.4b 0.6b 0.6b 0.7b 0.8b 0.4b 0.6b 
Lactone 1.9a 0.4b 0.2b 0.5b 0.4b 0.4b 0.6b 0.4b 0.4b 0.4b 0.4b 
Nutty 0.6 0.3 0.4 0.8 0.4 0.7 0.8 0.6 0.3 0.2 0.3 
Oxidized 0.0 0.0 0.0 0.2 0.2 0.0 0.2 0.2 0.0 0.0 0.2 
Salty 4.0 3.5 4.3 4.3 3.4 4.1 4.1 3.6 3.8 3.9 3.1 
Sour 4.5 3.4 4.0 4.3 3.9 4.7 3.4 3.4 3.7 4.0 3.1 
Sweet 0.1 0.1 0.1 0.3 0.2 0.2 0.3 0.3 0.0 0.1 0.2 
Umami 1.6 1.2 1.2 1.5 1.7 1.7 1.4 1.6 0.9 1.3 1.1 
Whey 0.4 0.2 0.3 0.3 0.2 0.4 0.3 0.2 0.2 0.1 0.3 
 
 
1
4
2
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The enriched cheeses were compared against commercial full fat medium aged 
Cheddar for flavor profiling. There was no significant difference in flavor attributes 
among cheeses enriched with different dietary fibers as well as commercial full fat 
Cheddar cheese except for buttery and lactone/fatty acid flavor notes. This was expected 
as our experimental cheeses are low in fat (6% fat as compared to 33% fat in full fat 
counterpart). This indicated that dietary fibers did not impact the overall flavor of 
enriched low-fat Cheddar cheeses. These results negated our concern of undesirable off-
flavors to cheeses could be contributed by fiber addition.   
Texture. Besides performing texture analysis with instrument, the enriched 
cheeses were also evaluated by the trained panelists at 210 d of storage. As shown in the 
Figure 6.8 below, the maximum number of chews was exhibited by the low-fat control 
with about 24 bites per swallow. On the other hand, low-fat cheeses enriched with inulin 
(with or without addition of water) were 16 bites which was about 33% reduction in the 
number of bites recorded for untreated low-fat cheese (control). Low-fat cheese added 
with low methoxy pectin also exhibited similar chewiness (16 bites) when added with 
water but had higher (p > 0.05) number of bites when added water was present. Except 
polydextrose, all three fibers significantly contributed in reducing the number of bites of 
low-fat cheeses. The panelists were also asked to count the number of chews or bites for 
commercial full fat Cheddar cheese, and the average chews for commercial full fat cheese 
was 12 bites before swallow (data not shown).  
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Figure 6.8. Comparison of mean number of chews/bites for fiber enriched low-fat 
cheeses at 210 d of storage by trained descriptive panel.  
 
This indicated that adding inulin, low methoxy pectin with 5% water, and 
resistant starch improved the chewiness of low-fat cheeses to the level of commercial full 
fat counterpart. Interestingly enough, when chewiness measured with TPA (Figure 6.7) 
and compared to the chew down results from the panelists. It was noticed that the low-fat 
cheeses had similar pattern of decrease in chewiness attribute, with inulin demonstrating 
the lowest value and unground control cheese with highest value on chewiness.   
 
Table 6.4. Mean composition of cheese 
Cheese Composition (%) 
Moisture Fat Ash Protein Fiber 
LFC1 (cream) 53.3b 6.0 3.8 36.9a 0.0 
LFC2 (butter) 53.5b 6.0 3.6 36.9a 0.0 
LFC3 (water) 57.1a 5.0 3.8 31.1b 0.0 
LFE (inulin) 57.8a 5.0 4.0 29.9bc 0.3 
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Part 3 
The proximate composition of cheeses made with cream (LFC1), butter (LFC2), 
water based emulsion (LFC3), and inulin based emulsion (LFE) as four different 
treatments are summarized in Table 6.4 with fiber calculated as difference.  
As discussed earlier, the emulsion blends (made from melted butter as oil phase) 
added to skim milks separated during cheesemaking process. This caused the loss of fat 
and inulin in whey which was visually evident (data not available), and the recovered 
inulin in cheese was only 0.3% as compared to 1.6% targeted in cheese.  
Conclusion 
In conclusion, adding fiber directly to milk for cheese enrichment was not found 
feasible, whereas adding fiber to comminuted low-fat Cheddar was possible but tedious.  
Low-fat Cheddar cheese enriched with 5% fiber had improved textural properties and 
comminuted cheeses had higher cohesiveness than the non-comminuted control, which 
was due to the rearrangements of cheese particulates making it more malleable. Better 
performance of cheese was observed when fiber added with equal amount of water than 
fiber alone. Moreover, adding fibers did not impact cheese flavor. Out of 4 types of 
dietary fibers tested in this study, inulin and low methoxy pectin had promising results 
while polydextrose and resistant starch had poor appeal. Future work is needed in the 
direction of incorporating dietary fiber directly to milk subjected for cheesemaking either 
as milk fat based emulsion by adding appropriate crystallization delayers or using 
vegetable fat as oil phase to avoid creaming.  
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CHAPTER 7 
TEXTURE AND YIELD OF LOW-FAT CHEDDAR CHEESE INCORPORATED 
WITH W1/O/W2 EMULSION WITH INULIN AS PRIMARY AQUEOUS PHASE  
 
Abstract 
 The objective of this study was to enrich low-fat Cheddar cheese (6% fat) with 
inulin in the form of a water-in-oil-in-water (W1/O/W2) emulsion and simultaneously 
improve the texture. Four batches of 16 kg skim milk were used for cheesemaking with 4 
different treatments namely, low-fat cheese with cream (LFC1), low-fat cheese with 
3.5% oil-in-water emulsion (LFC2), low-fat cheese with 5.8% W1/O/W2 emulsion 
(LFE1), and low-fat cheese with 3.5% W1/O/W2 emulsion (LFE2). The cheeses were 
stored at 4°C until analyzed for composition, texture, and optical microscopy. Mean 
moisture content of LFE1 was higher (P < 0.05) than the control (LFC1), resulting in 
higher yield (P < 0.05), lower hardness, gumminess, and chewiness. Three cheeses, 
LFE2, LFC1, and LFC2, were same for yield. The net inulin content in LFE1 was 
calculated as 1.6% (wt/wt) which provided about 0.5 g of fiber per serving size of 28 g 
cheese. However, this amount of fiber does not fulfill the label declaration for low-fat 
cheese and therefore, further work to increase fiber level in cheese is recommended.   
Introduction 
With the trend of developing low-fat foods and high fiber foods alternatives, the 
food processors still need to make high quality low-fat foods that match consumer taste 
expectation. Dairy products, especially cheeses, are criticized for their high fat content 
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(Tunick et al., 1993). Consequently, their consumption by a health conscious populace is 
limiting. However, these people may not want to neglect the other benefits of dairy 
products such as protein, calcium, phosphate, bioactive peptides, vitamins, and other 
minerals (Renner, 1983). Several epidemiological and clinical studies have shown that a 
dietary pattern that is insufficient in dairy product content is associated with higher 
arterial pressure in the population and/or an increased prevalence of high blood pressure 
or hypertension (Miller et al., 2000; Wang et al., 2008). On the other hand, consumption 
of dietary fiber requires attention in western countries fighting against increasing obesity 
(Slavin, 2005). There is a large fiber gap to fill between usual intake of dietary fiber and 
recommended intakes.  According to 2010 dietary guidelines for Americans, an adequate 
intake for total fiber in foods is 38 g and 25 g/d for young men and women, respectively. 
This target without a major change in eating patterns requires enriching more and more 
foods with dietary fibers.  
Incorporation of inulin as a source of dietary fiber in imitation cheeses was 
investigated by Hennelly and group (2006). They suggested that inulin was successfully 
incorporated into the imitation cheese matrix at a level of 3.44 g/100 g cheese replacing 
63% of the total fat in the formulation without any significant effect on the melting 
characteristics.  Inulin has also been used to improve the sensory properties and texture of 
low-fat yogurts (Kip et al., 2006).     
This study is an effort to incorporate inulin in cheese without compromising the 
cheese texture and avoiding high losses of inulin into the whey. Incorporating inulin into 
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a double emulsion (W1/O/W2) and using for the manufacture of low-fat cheese should 
add fiber to low-fat cheese and also improve its texture.   
Materials and methods 
 Emulsion Preparation 
Double (W1/O/W2) emulsions were prepared using two-stage emulsification with 
some modification from Surh et al. (2007). First, a 40% (wt/wt) inulin solution was 
prepared by adding inulin powder (Fructafit IQ, Sensus, Roosendaal, The Netherlands) in 
a 5% NaCl solution at boiling temperature, gradually and with constant stirring using 
magnetic stirrer until clear solution was obtained. This was designated as aqueous phase 
W1. Next, 8% (wt/wt) of polyglycerol polyricinoleate (PGPR) obtained from Palsgaard 
Industri de Mexico (St. Louis, MO) was mixed with canola oil (Western Family Foods 
Inc., Tigard, OR) at 25°C and the 40% inulin solution added at 40:60 ratio (W1 to oil 
emulsion blend) using magnetic stirrer. Canola oil was chosen for the formulation 
because of its increased efficacy in maintaining double emulsion as compared to melted 
butter (preliminary study described in chapter 6). The inulin solution was slowly added to 
the oil phase while it was hot since the solution tended to crystallize and become viscous. 
This primary (W1/O) emulsion was then mixed with 2% (wt/wt) of whey protein isolate 
(WPI) (Provon 292, Southwest cheese Co., Clovis, NM) slurry using magnetic stirrer in 
20:80 proportion (W1/O to WPI) to produce a secondary emulsion (W1/O/W2). The 
emulsion mix was then homogenized using a high speed blender (Omni General 
Laboratory Homogenizer, Omni International, Kennesaw, GA) operated at 5000 rpm for 
1 min.  
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An O/W2 emulsion was also prepared by adding canola oil to 2% WPI solution in 
20:80 proportions, homogenized with high speed blender for 1 minute as described 
previously. The emulsions were formulated, covered with foil, and kept at room 
temperature (~22°C) in dark overnight before adding to cheese milk the next morning. 
During storage, the W1/O/W2 emulsion mixture became thick and viscous due to gelling 
of inulin as the emulsion temperature decreased to room temperature. 
Cheesemaking 
Skim milk (Western Family Foods Inc., Portland, OR) was obtained from a local 
supermarket. Prior to warming, L-lactic acid (Nelson and Jameson, Marshfield, WI) was 
diluted (1:16) and added to the milk, to reach a pH of 6.2. Milk was then stirred well, 
heated to 35°C. Emulsion volume to be added to the milk was then calculated using 
initial fat content of skim milk of 0.17%. Four batches of low-fat cheese were designed as 
LFC: low-fat control (total volume of 15.9 kg skim milk plus cream); LFE1: made from 
skim milk plus 5.8% W1/O/W2 emulsion mixture; LFE2: made from skim milk plus 3.5% 
W1/O/W2 emulsion mixture; and LFC2: made from skim milk plus 3.5% O/W2 emulsion 
mixture. The milk was mixed with the above mentioned ingredients and homogenized 
using hand held blender (Model MP550, Robot Coupe USA, Inc., Ridgeland, MS) for 1 
minute.  
Milk was then inoculated with 0.02% lyophilized L. lactis culture (DVS 850, Chr. 
Hansen Inc., Milwaukee, WI) with continuous stirring. After 20 min, annatto (7.34 g/100 
kg) color (DSM Foods Speciality Inc., Parsipanny, NJ) was added and the mixture was 
stirred thoroughly.  Double-strength chymosin (ChyMax, Chr. Hansen Inc., Milwaukee, 
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WI) was diluted 20-fold with chlorine-free cold water, added to milk, stirred for 2 min 
and let stand for 20 min. Curd was cut when firm with 1.6-cm wire knives, healed for 5 
min, and gently stirred to avoid fusion of freshly cut curd cubes and to facilitate whey. 
The curd particles were cooked with constant stirring for 40 min and then half of the 
whey was drained. Curd particles were then stirred and allowed for wet acid development 
to reach pH 5.95. The remaining whey was drained and dry curd particles were continued 
to produce more acid and reach to pH 5.50. The curd was then washed with cold water 
(4°C) at a rate of ~0.5 kg/kg curd to lower curd temperature to 22°C. The curd was then 
weighed and salted at a rate of 2.0% of curd weight and applied in 3 applications, 5 min 
apart. The curd particles were hooped, and pressed at 60 kPa in vertical press for 18 hr. 
The cheese blocks so formed were vacuum sealed and stored at 3°C for 2 wk.  
Composition 
Moisture content was determined in triplicate by weight loss using a microwave 
oven (CEM Corp., Indian Trail, NC) at 100% power with an endpoint setting of <0.4 mg 
weight change over 2 s. Fat content was determined in duplicate using a modified 
Babcock method (Richardson, 1985). Salt was measured by homogenizing grated cheese 
with distilled water for 4 min at 260 rpm in a Stomacher 400 (Seward, England). The 
slurry was filtered through a Whatman #1 filter paper, and the filtrate was analyzed for 
sodium chloride using a chloride analyzer (model 926, Corning, Medfield, MA). The pH 
was measured using a glass electrode after stomaching 20 g of grated cheese with 10 g of 
distilled water for 1 min at 260 rpm.  
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Texture Analysis 
Texture profile analysis (TPA) of the cheese was performed (in triplicate) using a 
Texture Analyzer TA.XT plus (Stable Micro Systems, Godalming, Surrey, UK) equipped 
with 2-kg load cell. The cheese textural parameters evaluated were hardness, 
adhesiveness, cohesiveness, gumminess, springiness and were calculated as described by 
Bourne (1968). The cheese samples were cut into cylindrical specimens (10 mm diameter 
x 20 mm) using a cork borer. The samples were tempered for 1 h at room temperature 
(22°C) before analysis. A 2-bite compression test was conducted with 60% compression.  
Optical Microscopy 
  The primary (inulin-in-canola oil) and secondary (inulin-in-canola oil dispersed 
in WPI solution) emulsions were imaged using optical microscope to ensure that the 
inulin gel was enclosed in oil droplets. The emulsions were taken in a glass tube, gently 
stirred to normalize the mix. Then a drop was placed on a microscope slide and covered 
with a cover slip. Instantly, the slide was observed under the conventional optical 
microscope (Nikon microscope eclipse E400, Nikon Corp., Japan) equipped with a CCD 
camera (CCD-300-RC, DAGE-MTI, Michigan City, IN). More than 3 images were 
captured for each sample and a representative image for each trial is presented.  
Statistical Analysis 
Three replicate cheesemaking trials were undertaken over 3 d; all 4 cheeses with 
different emulsion formulation and type were produced each day. A randomized block 
design (4 treatments, 3 blocks) was used for analysis of the response variables relating to 
the composition, yield, and texture. Analysis of variance (ANOVA) was carried out using 
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SAS 9.1.3 (SAS Institute, 1999) where the effect of treatment and replicates were 
estimated for all response variables. A split plot design was used to monitor the effects of 
treatment, ripening time and their interaction on the textural properties (hardness, 
springiness, gumminess, cohesiveness, chewiness, and adhesiveness) measured at regular 
intervals (15 and 30 d) during ripening. Analysis of variance for the split plot design was 
carried out using a generalized linear model (GLM) procedure of SAS (1999). 
Statistically significant differences (P < 0.05) between different treatment levels were 
determined by Fisher's least significant difference. 
Results and discussion 
Optical Microscopy 
 Representative optical micrographs of inulin-incorporated emulsions are 
presented in Figures 7.1 and 7.2. The dispersion of inulin gel within the oil phase is 
shown in Figure 7.1. It is evident from the micrograph that inulin is uniformly distributed 
in oil as a W1/O emulsion. Further, the suspension of W1/O emulsion (primary) to WPI 
solution produces a W1/O/W2 emulsion (secondary) as presented in Figure 7.2. Again, it 
is confirmed that the inulin gel is located within oil droplets. The high speed 
homogenization and microfluidization was avoided while preparing the emulsions to 
prevent the breaking of the double emulsions as occurred during preliminary trials, even 
at lower homogenizing pressures (500 psi) (see Appendix C Figure C1).  
 As shown in Figure 7.2, some of the primary water phase (W1) droplets were 
visible bigger in size than the other. This is because of the avoidance of high speed 
homogenization. In general, this type of emulsion formulation depicts bimodal or even 
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trimodal distributions of particle size (Surh et al., 2007).  The use of high pressure 
homogenization and membrane emulsifications are recommended to avoid gravity 
separation (Benichou et al., 2001). However, in our study, the emulsions were used as an 
ingredient mixture in cheese that eliminated the challenge but fairly immediate 
incorporation of emulsions to milk for cheesemaking is highly recommended. 
 
 
 
Figure 7.1. Optical micrograph of 40% inulin solution dispersed in canola oil forming 
water-in-oil emulsion 
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Figure 7.2. Optical micrograph of 40% inulin solution incorporated W1/O/W2 emulsion 
illustrating multiple droplets within a droplet  
 
Cheese Composition 
 Mean moisture content, fat, salt, pH, fiber, and yield of 4 treatments (control, 
5.8% W1/O/W2, 3.5% W1/O/W2, and 3.5% O/W2 emulsion blends) are summarized in 
Table 7.1. The cheeses were made in 3 replicates and composition was reproducible for 
all replicates with consistent results throughout replications. As shown in Table 7.1, mean 
moisture content of low-fat cheese with 5.8% W1/O/W2 emulsion (LFE1) which was the 
targeted treatment among all 4 treatments, was the highest (P < 0.05) and significantly 
different from the control (LFC1). This had a straight impact on the final yield of the 
cheese resulting in an increase in the yield. Our goal of retaining inulin in cheese was 
fulfilled by obtaining 1.6% inulin in cheese.  
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According to the CFR Food labeling requirements, fiber content at this level is 
insufficient to be declared on the label because it is providing only 0.5 g of fiber per 
serving size (28 g). The fat content of all cheeses were in the range of 6.0 - 6.5% and 
achieved as target fat percent. Emulsion blends added to skim milk were calculated based 
on the initial fat content of 0.17% in skim milk and to produce low-fat cheese with about 
6% fat. Protein content was in the range from 30.4% - 33.7%, ash from 2.8% - 4.4%, and 
salt content were in the range of 1.4% to 1.8%. These cheeses were salted at pH 5.5 and 
interestingly, the pH recorded after 3 d was 5.1 for all the treatments (Table 7.1). 
 
 
Table 7.1. Mean composition and yield of cream and emulsion (W1/O/W2 or O/W2) 
incorporated low-fat cheeses 
 
(%) 
Treatment
1
  
LFC1 LFE1 LFE2 LFC2 P-value 
Moisture  55.8
b
 58.5
a
 57.7
a
 56.3
ab
 0.001 
Fat  6.2 6.0 6.0 6.5 0.064 
Ash 4.4
a
 3.5
b
 2.8
bc
 4.0
a
 0.015 
Protein  33.6
a
 30.4
b
 32.3
a
 33.0
a
 0.004 
Fiber
2
  0.0
c
 1.6
a
 1.2
b
 0.2
c
 0.004 
pH 5.1 5.1 5.1 5.1 0.098 
Salt 1.8
a
 1.6
ab
 1.4
b
 1.7
a
 <0.001 
Yield
3
  7.2
b
 7.7
a
 7.3
b
 7.2
b
 0.029 
1
LFC1 = low-fat cheese made from skim milk plus cream; LFE1 = low-fat cheese made 
from skim milk plus 5.8% W1/O/W2 emulsion; LFE2 = low-fat cheese made from skim 
milk plus 3.5% W1/O/W2 emulsion; and LFC2 = low-fat cheese made from skim milk 
plus 3.5% O/W2 emulsion  
2
Fiber% = 100% - (moisture+fat+ash+protein)  
3
Yield = [Total weight of pressed cheese/initial weight of milk] x 100% 
a-c
Mean with different superscript within same row is different 
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Texture Profile Analysis 
 Texture profile of all treated cheeses was conducted at 15 and 30 d of storage. 
These time points were chosen because most of the textural changes in cheese curd are 
achieved in first 15 d (Lawrence et al., 1987) and then accomplished at 30 d followed by 
minimal changes in texture after 30 d. Among textural properties, hardness, adhesiveness, 
springiness, cohesiveness, gumminess, and chewiness were recorded in triplicate and for 
all 3 replicates. The mean values ± SEM are presented in Table 7.2. As shown in Table 
7.2, increasing moisture content of LFE1 resulted in reduced hardness as compared to 
LFC1 (P < 0.05). For low-fat cheese texture, hardness is one critical point to be 
controlled (Mistry, 2001) and this parameter needs to be reduced for such cheeses.  
 
Table 7.2. Textural properties
1
 (hardness, adhesiveness, cohesiveness, gumminess, and 
chewiness) of low-fat cheese treatments
2
 (LFC1, LFE1, LFE2, LFC2) evaluated at 15 and 
30 d of storage using Universal testing machine 
Textural 
parameter
1
 
Time (d) LFC1 LFE1 LFE2 LFC2 
Hardness 15 37.26±1.85aA 18.03±1.33cB 26.39±2.56bB 28.70±0.83bB 
 30 59.38±1.31
aB
 24.17 ± 2.65dA 35.56 ± 0.95cA 43.47 ± 1.91bA 
Adhesiveness 15 12.87±3.44cA 7.21±1.26bA 3.04±0.83aA 4.21±0.84aA 
 30 16.17±1.20aB 18.82±1.39abB 19.80±0.61abB 20.82±0.43bB 
Cohesiveness 15 0.82 ± 0.01aA 0.82 ± 0.02aA 0.84 ± 0.01aA 0.83 ± 0.01aA 
 30 0.71 ± 0.02aA 0.54 ± 0.03bB 0.62 ± 0.01abB 0.56 ± 0.05bB 
Gumminess 15 30.40 ± 1.22aB 14.66 ± 1.09cA 22.08 ± 1.89bA 23.83 ± 0.48bA 
 30 42.22 ± 1.96aA 13.63 ± 1.91cA 22.30 ± 0.80bA 23.84 ± 1.06bA 
Chewiness 15 27.06 ± 1.13aB 13.00 ± 0.97cA 20.07 ± 1.73bA 21.91 ± 0.44bA 
 30 37.36 ± 1.91aA 11.89 ± 1.76cA 19.33 ± 0.80bA 20.69 ± 1.09bA 
1
Units of measurement: hardness, gumminess and chewiness in Newton; adhesiveness (absolute values) in 
mm
2
, and cohesiveness is dimensionless;  
2
LFC1 = low-fat cheese made from skim milk plus cream; LFE1 = low-fat cheese made from skim milk 
plus 5.8% W1/O/W2 emulsion; LFE2 = low-fat cheese made from skim milk plus 3.5% W1/O/W2 emulsion; 
and LFC2 = low-fat cheese made from skim milk plus 3.5% O/W2 emulsion 
abc 
Means with different superscript in a row denote significant differences (P < 0.05) between the different 
trials of low-fat cheese for the same texture parameter 
AB
Means with different superscript in a column denote significant differences (P < 0.05) between the 
different trials of low-fat cheese for the same texture parameter 
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Figure 7.3. Comparison of hardness of cheese at 15 and 30 d of storage (
abc
Different 
letter indicates significant difference at P < 0.05) 
 
The incorporation of inulin helped to achieve low hardness values for low-fat 
cheese which is very challenging. Interestingly, it was observed that the hardness was 
significantly higher for control (LFC1) when aged from 15 d to 30 d, but remained 
unchanged for emulsion cheeses (Figure 7.3). Other textural properties also significantly 
changed with the addition of inulin such as adhesiveness, cohesiveness, gumminess, and 
chewiness (Table 7.2). Comparing all 4 treatments, LFE1 which was made with inulin 
emulsion was observed as less hard, less gummy and less chewy than the control cheese 
LFC1. Cohesiveness values for LFE1 were indifferent at 15 d but then it was 
significantly lowered than the control cheese LFC1. This reduction in cohesiveness could 
be explained due to the open structure of protein matrix facilitated by emulsified fat 
droplets with gelled inulin in LFE1 (Sepulveda-Ahumada et al., 2000).  
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At equivalent moisture level, low-fat cheese control (LFC1) and low-fat cheese 
with O/W2 emulsion (LFC2) demonstrated significantly different hardness values 
irrespective of storage time (see Table 7.1and 7.2). This trend is difficult to explain and 
we speculate it as a result from a complex interaction of a number of variables such as 
presence of cream (LFC1) versus canola oil (LFC2) as an emulsion blend with WPI 
solution. Accordingly, previous study has shown that the effect of fat replacement and the 
nature of fat influence the cheese texture (Lobato-Calleros et al., 1998).  
 In contrast to the previous study (Hennelly et al., 2006) our study suggests that the 
presence of inulin as a part of double emulsion (W1/O/W2) significantly reduced the 
hardness of low-fat cheese comparing LFE1 and LFC2. However, level of inulin also 
played a vital role in reducing the hardness because LFE2 was no different than LFC2 
even though LFE2 also contained inulin incorporated as double emulsion.   
Conclusion 
 Inulin was effectively incorporated as W1/O/W2 emulsion in low-fat cheese. The 
addition of inulin improved the texture of low-fat cheese by reducing the hardness, 
gumminess, and chewiness which has been challenging and a universal complaint about 
low-fat cheeses. It is evident from the present study that the addition of gelled inulin 
increased the yield of low-fat cheese. However, the level of inulin in low-fat cheese is 
very low and entirely dependent on the use of oil in emulsion formulation as well as the 
ultimate fat level in cheese. Further, the addition of inulin as W1/O/W2 emulsion can be 
increased in reduced and regular fat cheeses.    
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CHAPTER 8 
GENERAL SUMMARY AND CONCLUSIONS 
An increased trend of awareness in selecting health foods by consumers has 
pushed the food manufacturers to develop low-fat food alternatives that taste better and 
receive positive response from the consumers. In this context, several strategies have 
been investigated to improve the quality of low-fat cheeses particularly Mozzarella and 
Cheddar cheese. Nevertheless, numerous studies have been conducted to improve one or 
the other property of low-fat cheese, the mission is yet to achieve. Low-fat cheeses are 
repeatedly described as lacking desirable flavors, have hard and rubbery texture, 
improper melting during baking on pizza, undesirable color, and translucent appearance.  
Low-fat Mozzarella cheese have been unsatisfactory to grab the attention of 
consumers because of multiple reasons such as lack of flavor, translucent appearance, 
dries out and burns quickly while baking, and last but not the least, poor meltability. 
Melting of Mozzarella cheese depends on its fat, protein, and moisture content. Adjusting 
any of these three components may alter the melting behavior of the cheese. In addition, 
the presence of fat in free form (readily available) is very important for proper melt. The 
phenomenon behind cheese melt primarily occurs when the cheese is heated and the fat in 
the cheese is liquefied and partially escape from the cheese body. This forms an oil film 
and even droplets of oil on the surface of the cheese, which is referred to as “free oil.” 
The amount of “free oil” tends to increase with the fat content of the cheese and as cheese 
is held for longer time in storage. When the fat content of is lowered, there is less fat 
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present in the resultant cheese and consequently improper melting of the cheese on a 
pizza.  
Our effort was to improve the melting and baking performance of low-fat 
Mozzarella cheese and thereby enhancing the consumer acceptance of pizza prepared 
with this cheese. The problem of poor baking properties of lower fat cheese was 
addressed by incorporating thin veins of fat within the lower fat cheese. Adding melted 
butter to comminuted cheese curd as a post processing step remarkably improved the 
desired properties by providing added butter in free form for quick availability during 
baking and thus prevents the dehydration problem of low-fat Mozzarella cheese while 
baking. Similarly, a slight increase in consumer liking for the low-fat Mozzarella cheese 
was observed. Out of 4 levels of melted butter investigated, 30 g/kg and 45 g/kg level of 
melted butter in low-fat Mozzarella cheese showed comparatively better meltability and 
stretchability along with the baking property.   
Traditionally, low-fat cheeses have had a hard, rubbery texture and dull color and 
translucent appearance. To our understanding, color of low-fat cheese impacts its 
acceptance and liking by consumers. Moreover, altering the color of cheese in addition to 
providing opacity could influence the flavor perception and consumer liking for low-fat 
cheese. The problem with low-fat Cheddar cheese intense color and translucent 
appearance was solved by the addition of titanium dioxide which not only reduced the 
strong intense color but also imparted desired opaqueness to the low-fat Cheddar cheese. 
Using different levels and combinations of annatto and titanium dioxide in low-fat 
cheeses directly impacted consumer overall liking for these cheeses, and even influenced 
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flavor and sharpness perception. Low-fat cheese colored with annatto (at levels similar to 
that used in full fat Cheddar cheese) has an atypical translucent dark orange color that is 
not well accepted by consumers and received the lowest overall liking score. Adding 
titanium dioxide increases cheese opacity so they look more like full-fat cheese. 
The investigations were undertaken for enriching low-fat Cheddar cheese with 
dietary fibers. The purpose behind this study was to provide cheese with added benefit of 
fiber and simultaneously improve the functionality of low-fat cheese. Increased 
consumption of dietary fiber lowers blood pressure, improves blood glucose, promotes 
regularity, aids in weight loss. Sadly, most Americans consume less than half of the 
recommended levels of dietary fiber daily. 
Several preliminary studies were conducted to select the most efficient fiber type 
from 4 fibers (inulin, low-methoxy pectin, polydextrose, and resistant starch). Results 
from preliminary studies indicated inulin having better efficacy in cheese system as 
compared to other 3 fibers. Inclusion of inulin into low-fat cheese in the form of double 
(W1/O/W2) emulsion was investigated separately with melted butter and canola oil as oil-
phase in double emulsion. Using melted butter was found difficult in maintaining the 
stable emulsion when added to milk for cheesemilk. When canola oil was used in 
emulsion formulation, it resulted in stable emulsion in absence of high pressure 
homogenization. Low-fat Cheddar cheese was successfully incorporated with inulin as a 
source of dietary fiber. This technique also improved the texture of low-fat cheese by 
decreasing the hardness and gumminess while maintaining the cohesiveness, 
adhesiveness, and springiness.         
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APPENDIX A 
STATISTICS FOR CHAPTER 3 
Table A1. ANOVA for fat% in low-fat Mozzarella cheese 
Source DF SS MSS F-value P-value 
Model 4 1.125 0.281 0.770 0.609 
Error 3 1.094 0.365   
Corrected total 7 2.219       
 
 
Table A2. ANOVA for moisture% in low-fat Mozzarella cheese 
Source DF SS MSS F-value P-value 
Model 4 92.745 23.186 4.690 0.117 
Error 3 14.830 4.943   
Corrected total 7 107.575       
 
 
Table A3. ANOVA for pH in low-fat Mozzarella cheese 
Source DF SS MSS F-value P-value 
Model 4 0.035 0.009 7.000 0.071 
Error 3 0.004 0.001   
Corrected total 7 0.039       
 
 
Table A4. ANOVA for salt% in low-fat Mozzarella cheese 
Source DF SS MSS F-value P-value 
Model 4 0.085 0.021 1.160 0.470 
Error 3 0.055 0.018   
Corrected total 7 0.140       
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APPENDIX B 
PRINCIPAL COMPONENT ANALYSIS (PCA) FOR CHAPTER 5 
 
PCA for cheese 
 
                            The CORR Procedure 
 
                   Pearson Correlation Coefficients, N = 12 
                           Prob > |r| under H0: Rho=0 
 
               Sour      Sulfur       Sweet       Umami        Whey     Buttery 
 
 Pineapp    0.06298    -0.17598    -0.03213     0.61576    -0.22015    -0.34019 
             0.8458      0.5843      0.9211      0.0330      0.4918      0.2793 
 
 Fishy     -0.34827    -0.21732     0.60058     0.53119    -0.21595     0.18614 
             0.2673      0.4975      0.0389      0.0755      0.5003      0.5624 
 
 Rancid     0.69763     0.27289    -0.37887     0.45652    -0.30112    -0.82710 
             0.0117      0.3908      0.2246      0.1357      0.3416      0.0009 
 
 Rosy       0.01860     0.61932    -0.23836     0.06540     0.09129    -0.15810 
             0.9543      0.0317      0.4556      0.8400      0.7778      0.6236 
 
 Salty      0.69679     0.26512    -0.36885     0.47082    -0.48883    -0.11747 
             0.0118      0.4050      0.2380      0.1224      0.1068      0.7162 
 
 Sour       1.00000     0.29284    -0.57797     0.21899    -0.50208    -0.40818 
                         0.3556      0.0490      0.4941      0.0962      0.1878 
 
 Sulfur     0.29284     1.00000    -0.43744    -0.30533    -0.01708    -0.05180 
             0.3556                  0.1550      0.3345      0.9580      0.8730 
 
 Sweet     -0.57797    -0.43744     1.00000     0.34448    -0.05634     0.33843 
             0.0490      0.1550                  0.2729      0.8619      0.2819 
 
 Umami      0.21899    -0.30533     0.34448     1.00000    -0.50215    -0.36944 
             0.4941      0.3345      0.2729                  0.0962      0.2372 
 
 Whey      -0.50208    -0.01708    -0.05634    -0.50215     1.00000     0.02276 
             0.0962      0.9580      0.8619      0.0962                  0.9440 
 
 Buttery   -0.40818    -0.05180     0.33843    -0.36944     0.02276     1.00000 
             0.1878      0.8730      0.2819      0.2372      0.9440 
                                  
 
                               
The FACTOR Procedure 
 
                  Input Data Type                    Raw Data 
                  Number of Records Read                   12 
                  Number of Records Used                   12 
                  N for Significance Tests                 12 
 
 
                                  Correlations 
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                 Bitter        Brothy        Cooked        Fruity       Lactone 
 
 Bitter         1.00000       0.05656       0.19092       0.31148      -0.04799 
 Brothy         0.05656       1.00000       0.22540      -0.26093      -0.70531 
 Cooked         0.19092       0.22540       1.00000      -0.15095       0.01565 
 Fruity         0.31148      -0.26093      -0.15095       1.00000       0.13683 
 Lactone       -0.04799      -0.70531       0.01565       0.13683       1.00000 
 Metallic       0.00000       0.00000       0.00000       0.00000       0.00000 
 Nutty          0.52884       0.44370       0.23729       0.31936      -0.34265 
 Oxidized      -0.00605      -0.15586      -0.09091      -0.15095       0.04014 
 Pineapp        0.40236       0.40545       0.04569      -0.07967      -0.20710 
 Fishy         -0.23193       0.47837      -0.13484      -0.22389      -0.04339 
 Rancid         0.53916       0.30067       0.37674       0.15660      -0.23758 
 Rosy           0.15185       0.49585      -0.16002      -0.26570      -0.42246 
 Salty          0.57053       0.04233      -0.27484       0.34261      -0.05605 
 Sour           0.61183      -0.20179       0.21572       0.09190       0.15724 
 Sulfur         0.07479       0.17295      -0.14652      -0.24328      -0.23854 
 Sweet         -0.43154       0.37779       0.19123      -0.05050       0.17739 
 Umami          0.35764       0.43392       0.17725       0.36720      -0.03559 
 Whey          -0.70850      -0.30090      -0.28838      -0.00465       0.01330 
 Buttery       -0.40996      -0.17412      -0.49921      -0.32613       0.22974 
 
                                  Correlations 
 
               Metallic         Nutty      Oxidized       Pineapp         Fishy 
 
 Bitter         0.00000       0.52884      -0.00605       0.40236      -0.23193 
 Brothy         0.00000       0.44370      -0.15586       0.40545       0.47837 
 Cooked         0.00000       0.23729      -0.09091       0.04569      -0.13484 
 Fruity         0.00000       0.31936      -0.15095      -0.07967      -0.22389 
 Lactone        0.00000      -0.34265       0.04014      -0.20710      -0.04339 
 Metallic       0.00000       0.00000       0.00000       0.00000       0.00000 
 Nutty          0.00000       1.00000      -0.26623       0.83279       0.21032 
 Oxidized       0.00000      -0.26623       1.00000      -0.20620      -0.13484 
 Pineapp        0.00000       0.83279      -0.20620       1.00000       0.36446 
 Fishy          0.00000       0.21032      -0.13484       0.36446       1.00000 
 Rancid         0.00000       0.51310       0.49155       0.39030      -0.18626 
 Rosy           0.00000       0.28209      -0.16002       0.53415       0.01130 
 Salty          0.00000       0.33568       0.25464       0.27580      -0.14745 
 Sour           0.00000       0.10031       0.54438       0.06298      -0.34827 
 Sulfur         0.00000      -0.29599       0.20931      -0.17598      -0.21732 
 Sweet          0.00000       0.00678      -0.37549      -0.03213       0.60058 
 Umami          0.00000       0.76493      -0.11478       0.61576       0.53119 
                                  
                               
 
The FACTOR Procedure 
 
                                  Correlations 
 
               Metallic         Nutty      Oxidized       Pineapp         Fishy 
 
 Whey           0.00000      -0.33907      -0.00280      -0.22015      -0.21595 
 Buttery        0.00000      -0.56017      -0.24263      -0.34019       0.18614 
 
                                  Correlations 
 
                 Rancid          Rosy         Salty          Sour        Sulfur 
 
 Bitter         0.53916       0.15185       0.57053       0.61183       0.07479 
 Brothy         0.30067       0.49585       0.04233      -0.20179       0.17295 
 Cooked         0.37674      -0.16002      -0.27484       0.21572      -0.14652 
 Fruity         0.15660      -0.26570       0.34261       0.09190      -0.24328 
 Lactone       -0.23758      -0.42246      -0.05605       0.15724      -0.23854 
 Metallic       0.00000       0.00000       0.00000       0.00000       0.00000 
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 Nutty          0.51310       0.28209       0.33568       0.10031      -0.29599 
 Oxidized       0.49155      -0.16002       0.25464       0.54438       0.20931 
 Pineapp        0.39030       0.53415       0.27580       0.06298      -0.17598 
 Fishy         -0.18626       0.01130      -0.14745      -0.34827      -0.21732 
 Rancid         1.00000       0.33112       0.52594       0.69763       0.27289 
 Rosy           0.33112       1.00000       0.27925       0.01860       0.61932 
 Salty          0.52594       0.27925       1.00000       0.69679       0.26512 
 Sour           0.69763       0.01860       0.69679       1.00000       0.29284 
 Sulfur         0.27289       0.61932       0.26512       0.29284       1.00000 
 Sweet         -0.37887      -0.23836      -0.36885      -0.57797      -0.43744 
 Umami          0.45652       0.06540       0.47082       0.21899      -0.30533 
 Whey          -0.30112       0.09129      -0.48883      -0.50208      -0.01708 
 Buttery       -0.82710      -0.15810      -0.11747      -0.40818      -0.05180 
 
                                   
Correlations 
 
                      Sweet           Umami            Whey         Buttery 
 
     Bitter        -0.43154         0.35764        -0.70850        -0.40996 
     Brothy         0.37779         0.43392        -0.30090        -0.17412 
     Cooked         0.19123         0.17725        -0.28838        -0.49921 
     Fruity        -0.05050         0.36720        -0.00465        -0.32613 
     Lactone        0.17739        -0.03559         0.01330         0.22974 
     Metallic       0.00000         0.00000         0.00000         0.00000 
     Nutty          0.00678         0.76493        -0.33907        -0.56017 
     Oxidized      -0.37549        -0.11478        -0.00280        -0.24263 
     Pineapp       -0.03213         0.61576        -0.22015        -0.34019 
     Fishy          0.60058         0.53119        -0.21595         0.18614 
     Rancid        -0.37887         0.45652        -0.30112        -0.82710 
     Rosy          -0.23836         0.06540         0.09129        -0.15810 
     Salty         -0.36885         0.47082        -0.48883        -0.11747 
     Sour          -0.57797         0.21899        -0.50208        -0.40818 
     Sulfur        -0.43744        -0.30533        -0.01708        -0.05180 
     Sweet          1.00000         0.34448        -0.05634         0.33843 
                                  
The FACTOR Procedure 
 
                                  Correlations 
 
                      Sweet           Umami            Whey         Buttery 
 
     Umami          0.34448         1.00000        -0.50215        -0.36944 
     Whey          -0.05634        -0.50215         1.00000         0.02276 
     Buttery        0.33843        -0.36944         0.02276         1.00000 
                                  
The FACTOR Procedure 
                  Initial Factor Method: Principal Components 
 
                      Prior Communality Estimates: ONE 
 
 
 
Eigenvalues of the Correlation Matrix: Total = 18  Average = 0.94736842 
 
                  
 
Eigenvalue    Difference    Proportion    Cumulative 
 
             1    5.16597122    1.62991021        0.2870        0.2870 
             2    3.53606100    1.02197811        0.1964        0.4834 
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             3    2.51408289    0.80151855        0.1397        0.6231 
             4    1.71256434    0.14105488        0.0951        0.7183 
             5    1.57150946    0.40803660        0.0873        0.8056 
             6    1.16347286    0.23151605        0.0646        0.8702 
             7    0.93195681    0.20394574        0.0518        0.9220 
             8    0.72801107    0.34119415        0.0404        0.9624 
             9    0.38681692    0.16744385        0.0215        0.9839 
            10    0.21937307    0.14919272        0.0122        0.9961 
            11    0.07018035    0.07018035        0.0039        1.0000 
            12    0.00000000    0.00000000        0.0000        1.0000 
            13    0.00000000    0.00000000        0.0000        1.0000 
            14    0.00000000    0.00000000        0.0000        1.0000 
            15    0.00000000    0.00000000        0.0000        1.0000 
            16    0.00000000    0.00000000        0.0000        1.0000 
            17    0.00000000    0.00000000        0.0000        1.0000 
            18    0.00000000    0.00000000        0.0000        1.0000 
            19    0.00000000                      0.0000        1.0000 
 
             11 factors will be retained by the MINEIGEN criterion. 
 
 
 
                                 Factor Pattern 
 
             Factor1     Factor2     Factor3     Factor4     Factor5     Factor6 
 
Bitter       0.77124    -0.20220     0.22387     0.16038    -0.02961    -0.42358 
Brothy       0.40221     0.63242    -0.50398    -0.10290     0.24336    -0.00784 
Cooked       0.27791     0.12392     0.20620    -0.77002     0.31990    -0.35277 
Fruity       0.24087    -0.09729     0.56273     0.12077    -0.57374     0.10648 
Lactone     -0.30379    -0.22953     0.63888     0.15121     0.14358     0.01498 
Metallic     0.00000     0.00000     0.00000     0.00000     0.00000     0.00000 
Nutty        0.77303     0.47739     0.12188    -0.05913    -0.32986    -0.01161 
Oxidized     0.15544    -0.57617    -0.04923    -0.10564     0.40741     0.62280 
Pineapp      0.64151     0.48200    -0.12410     0.11866    -0.21054     0.05157 
Fishy       -0.00934     0.75492    -0.00986     0.24894     0.34471     0.34102 
Rancid       0.86823    -0.24814    -0.08392    -0.29278     0.08714     0.24159 
Rosy         0.39107     0.09771    -0.78319     0.17873    -0.20434    -0.08701 
Salty        0.67312    -0.30196     0.06430     0.58465     0.01874     0.08962 
Sour         0.63787    -0.63235     0.18214     0.06511     0.31948     0.01133 
                                  
 
                              The FACTOR Procedure 
                  Initial Factor Method: Principal Components 
 
                                 Factor Pattern 
 
             Factor1     Factor2     Factor3     Factor4     Factor5     Factor6 
 
Sulfur       0.14813    -0.44578    -0.69878     0.15233     0.16574    -0.11288 
Sweet       -0.32264     0.76645     0.24587    -0.03771     0.28085     0.06299 
Umami        0.67792     0.53081     0.35228     0.15820     0.06302     0.24142 
Whey        -0.56889    -0.10465    -0.27818    -0.27911    -0.55449     0.38798 
Buttery     -0.68739     0.12074    -0.04319     0.60323     0.22759    -0.20345 
 
                                 Factor Pattern 
 
               Factor7       Factor8       Factor9      Factor10      Factor11 
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  Bitter       0.02862      -0.14606      -0.18482       0.21672      -0.06990 
  Brothy      -0.31222      -0.00542       0.05725       0.10326      -0.05429 
  Cooked       0.04941       0.15331       0.10330      -0.09090       0.01733 
  Fruity      -0.45555       0.19799      -0.10824       0.04765      -0.00608 
  Lactone      0.45039       0.42878      -0.05185       0.11514       0.02260 
  Metallic     0.00000       0.00000       0.00000       0.00000       0.00000 
  Nutty        0.08278      -0.12763       0.04275      -0.02852       0.14648 
  Oxidized     0.00461      -0.20517       0.01772       0.17660       0.05289 
  Pineapp      0.51533      -0.10598       0.03503       0.03352       0.02281 
  Fishy        0.08989      -0.00742      -0.33314      -0.10830      -0.04441 
  Rancid      -0.01811       0.12013       0.05554       0.08874       0.01261 
  Rosy         0.20692       0.29145       0.06429       0.08168      -0.06556 
  Salty       -0.14006       0.07110       0.26812      -0.06939       0.00463 
  Sour         0.09575       0.03659       0.07254      -0.16617      -0.10128 
  Sulfur      -0.14230       0.37862      -0.21539      -0.05803       0.11944 
  Sweet       -0.16251       0.29251       0.15956       0.16222       0.00035 
  Umami       -0.05492       0.16666       0.03263      -0.12372      -0.01106 
  Whey         0.13649       0.13628       0.10098      -0.02643      -0.06362 
  Buttery      0.00961      -0.09693       0.20607       0.02087       0.03977 
 
 
                        Variance Explained by Each Factor 
 
   Factor1       Factor2       Factor3       Factor4       Factor5       Factor6 
 
 5.1659712     3.5360610     2.5140829     1.7125643     1.5715095     1.1634729 
 
      Factor7         Factor8         Factor9        Factor10        Factor11 
 
    0.9319568       0.7280111       0.3868169       0.2193731       0.0701804 
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APPENDIX C 
OPTICAL MICROSCOPE IMAGES FOR W/O/W EMULSION FOR CHAPTER 6 
(PART3) 
 
  
  
Figure C1. Optical microscopic photomicrographs of W/O/W emulsions formulated with 
40% (wt/wt) inulin solution as primary water phase, stabilized with 8% (wt/wt) 
polyglycerol polyricinoleate in melted butter and dispersed in 2% (wt/wt) whey protein 
isolate solution as secondary water phase, homogenized at (A) 0 psi, (B) 500 psi, (C) 
1000 psi, and (D) 2000 psi; More than 3 images were captured per each emulsion and a 
representative one was presented  
  
A 
D C 
B 
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APPENDIX D 
STATISTICS FOR CHAPTER 7 
 
The GLM Procedure 
 
Class Level Information 
 
  Class         Levels     Values 
 
    rep            3     1 2 3 
 
    cheese         4     1 2 3 4 
 
 
Number of Observations Read          12 
Number of Observations Used          12 
                                             
The GLM Procedure 
 
Dependent Variable: moisture 
 
 
                                  Sum of 
     Source                      DF      Squares       Mean Square    F Value    Pr > F 
 
       Model                      5      14.63118333     2.92623667     19.53      0.0012 
 
       Error                      6      0.89898333      0.14983056 
 
      Corrected Total            11      15.53016667                                     
 
 
     R-Square     Coeff Var      Root MSE      moisture Mean 
 
     0.942114      0.680500      0.387080         56.88167 
 
 
Dependent Variable: fat 
 
                                                 Sum of 
         Source                      DF         Squares     Mean Square    F Value    Pr > F 
 
         Model                        5      0.54166667      0.10833333       5.20    0.0345 
 
         Error                        6      0.12500000      0.02083333 
 
         Corrected Total             11      0.66666667 
 
 
     R-Square     Coeff Var      Root MSE      fat Mean 
 
     0.812500      2.340609      0.144338      6.166667 
 
     
Dependent Variable: ash 
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                                                 Sum of 
         Source                      DF         Squares     Mean Square    F Value    Pr > F 
 
         Model                        5      4.19546667      0.83909333       7.31    0.0156 
 
         Error                        6      0.68900000      0.11483333 
 
         Corrected Total             11      4.88446667 
 
 
     R-Square     Coeff Var      Root MSE      ash Mean 
 
     0.858941      9.250337      0.338871      3.663333 
 
 
Dependent Variable: protein 
 
                                                 Sum of 
         Source                      DF         Squares     Mean Square    F Value    Pr > F 
 
         Model                        5     22.52574167      4.50514833      12.81    0.0037 
 
         Error                        6      2.11035000      0.35172500 
 
         Corrected Total             11     24.63609167 
 
 
     R-Square     Coeff Var      Root MSE    protein Mean 
 
     0.914339      1.839862      0.593064        32.23417 
 
 
Dependent Variable: fiber 
 
                                                 Sum of 
         Source                      DF         Squares     Mean Square    F Value    Pr > F 
 
         Model                        5      7.69622500      1.53924500      11.97    0.0045 
 
         Error                        6      0.77166667      0.12861111 
 
         Corrected Total             11      8.46789167 
 
 
      R-Square     Coeff Var      Root MSE    fiber Mean 
 
      0.908871      34.01966      0.358624      1.054167 
 
 
Dependent Variable: pH 
 
                                                 Sum of 
         Source                      DF         Squares     Mean Square    F Value    Pr > F 
 
         Model                        5      0.00124167      0.00024833       5.96    0.0253 
 
         Error                        6      0.00025000      0.00004167 
 
         Corrected Total             11      0.00149167 
 
 
      R-Square     Coeff Var      Root MSE       pH Mean 
 
      0.832402      0.126589      0.006455      5.099167 
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Dependent Variable: salt 
 
                                                 Sum of 
         Source                      DF         Squares     Mean Square    F Value    Pr > F 
 
         Model                        5      0.33321667      0.06664333     237.54    <.0001 
 
         Error                        6      0.00168333      0.00028056 
 
         Corrected Total             11      0.33490000 
 
 
     R-Square     Coeff Var      Root MSE     salt Mean 
 
     0.994974      1.024452      0.016750      1.635000 
 
 
Dependent Variable: yield 
 
                                                 Sum of 
         Source                      DF         Squares     Mean Square    F Value    Pr > F 
 
         Model                        5      0.31107500      0.06221500       5.54    0.0299 
 
         Error                        6      0.06735000      0.01122500 
 
         Corrected Total             11      0.37842500 
 
 
    R-Square     Coeff Var      Root MSE    yield Mean 
 
    0.822026      1.448863      0.105948      7.312500 
 
 
Tukey's Studentized Range (HSD) Test for moisture 
 
                          
Alpha                                    0.05 
                  
Error Degrees of Freedom                   6 
                              
Error Mean Square                    0.149831 
                              
Critical Value of Studentized Range   4.33920 
                              
Minimum Significant Difference         0.8398 
 
   Means with the same letter are not significantly different 
 
MOISTURE 
 
                       Tukey Grouping          Mean      N    rep 
 
                                    A       57.0375      4    3 
                                    A 
                                    A       56.8075      4    1 
                                    A 
                                    A       56.8000      4    2 
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FAT 
 
                       Tukey Grouping          Mean      N    rep 
 
                                    A        6.2500      4    2 
                                    A 
                                    A        6.1250      4    1 
                                    A 
                                    A        6.1250      4    3 
                         
ASH 
 
                       Tukey Grouping          Mean      N    rep 
 
                                    A        3.7550      4    2 
                                    A 
                                    A        3.7050      4    3 
                                    A 
                                    A        3.5300      4    1 
                                             
 
PROTEIN 
 
                       Tukey Grouping          Mean      N    rep 
 
                                    A       32.3775      4    2 
                                    A 
                                    A       32.2650      4    1 
                                    A 
                                    A       32.0600      4    3 
                                             
FIBER 
 
                       Tukey Grouping          Mean      N    rep 
 
                                    A        1.2725      4    1 
                                    A 
                                    A        1.0725      4    3 
                                    A 
                                    A        0.8175      4    2 
pH                                             
 
 
                       Tukey Grouping          Mean      N    rep 
 
                                    A      5.100000      4    2 
                                    A 
                                    A      5.100000      4    3 
                                    A 
                                    A      5.097500      4    1 
                                             
SALT 
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                       Tukey Grouping          Mean      N    rep 
 
                                    A       1.64500      4    2 
                                    A 
                                    A       1.64250      4    3 
                                    A 
                                    A       1.61750      4    1 
YIELD 
 
                       Tukey Grouping          Mean      N    rep 
 
                                    A       7.43000      4    3 
                                    A 
                                    A       7.29250      4    1 
                                    A 
                                    A       7.21500      4    2 
                                             
MOISTURE 
 
                      Tukey Grouping          Mean      N    cheese 
 
                                   A       58.3000      3    2 
                                   A 
                                   A       57.5567      3    3 
 
                                   B       56.1267      3    4 
                                   B 
                                   B       55.5433      3    1 
FAT 
 
                        Tukey Grouping          Mean      N    cheese 
 
                                     A        6.5000      3    4 
                                     A 
                                B    A        6.1667      3    1 
                                B 
                                B             6.0000      3    3 
                                B 
                                B             6.0000      3    2 
ASH 
 
                        Tukey Grouping          Mean      N    cheese 
 
                                     A        4.3867      3    1 
                                     A 
                                     A        3.9633      3    4 
                                     A 
                                B    A        3.4867      3    2 
                                B 
                                B             2.8167      3    3 
PROTEIN 
 
                      Tukey Grouping          Mean      N    cheese 
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                                   A       33.6533      3    1 
                                   A 
                                   A       32.9967      3    4 
                                   A 
                                   A       32.2533      3    3 
 
                                   B       30.0333      3    2 
FIBER                                             
 
 
                        Tukey Grouping          Mean      N    cheese 
 
                                     A        2.1800      3    2 
                                     A 
                                B    A        1.3733      3    3 
                                B 
                                B    C        0.4133      3    4 
                                     C 
                                     C        0.2500      3    1 
pH 
 
                        Tukey Grouping          Mean      N    cheese 
 
                                     A      5.113333      3    4 
                                     A 
                                B    A      5.103333      3    2 
                                B 
                                B           5.093333      3    3 
                                B 
                                B           5.086667      3    1 
SALT 
 
                      Tukey Grouping          Mean      N    cheese 
 
                                   A       1.88333      3    1 
 
                                   B       1.65000      3    4 
 
                                   C       1.58667      3    2 
 
                                   D       1.42000      3    3 
YIELD 
 
                        Tukey Grouping          Mean      N    cheese 
 
                                     A       7.52333      3    2 
                                     A 
                                B    A       7.32333      3    3 
                                B    A 
                                B    A       7.24000      3    1 
                                B 
                                B            7.16333      3    4 
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